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Preface

As progress in nanotechnology was being made, researchers developed new
techniques for the fabrication of nanomaterials with a variety of morphologies.
These morphologies were usually aimed at a specific application. Among the
various techniques reported in the literature, electrospinning and electrospraying
have since gathered significance. Electrospinning and electrospraying are “sister”
technologies used to produce polymer-based nanomaterials. Although these
technologies use almost the same apparatus and share the same principle (electro-
hydrodynamic), their final products are different. The product of electrospinning is
the nanofiber whereas the product of electrospraying is the nanobead. Both of these
electrodynamic techniques have been receiving increasing attention not only in the
scientific community but also in industry. The products of these technologies could
be used both separately and together in a wide range of applications. For example,
the nanocomposite (combined state) nonwoven fabrics could be used as a filtration
mat with improved efficiency due to incorporated catalytic material and electrodes
of high specific surface area for fuel cells. Both these techniques have resulted in
positive impacts in the biomedicine field and are being tested for food processing
and preservation, which is a less explored area.

This book intends to provide the reader with a comprehensive overview of the
current advances in electrospinning and electrsospraying technologies and their
applications. The book will be beneficial not only to beginners but will also attract
the attention of experts in the field.

Sajjad Haider
King Saud University,
Saudi Arabia

Adnan Haider
Kohat University of Science and Technology,
Pakistan
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Chapter1

Electrohydrodynamic Processes
and Their Affecting Parameters

Sajjad Haider, Adnan Haider, Abdulaziz A. Alghyamah,
Rawaiz Khan, Waheed A. Almasry and Naeem Khan

Abstract

Electrohydrodynamic processes such as electrospinning and electrospraying
are simple, flexible, and cost-effective. Both processes use electrically charged
jet of polymer solution for the fabrication of micro- or nanofibers and micro- or
nanoparticle. Both of these electrodynamic techniques have been receiving increas-
ing attention not only in the scientific community but also in industry. These fibers
and particles offer several morphological and functional features that are suitable
for tissue engineering in biomedical applications. The main apparatus used for both
of these processes is almost the same. Both need electric voltage to induce charge
on the droplet, which at optimized electric field leads to micro- or nanofibers and
micro- or nanoparticles. Rayleigh in 1882, for the first time, theoretically estimated
the maximum amount of charge that a liquid droplet could carry to change in a jet.
This theory is now known as the “Rayleigh limit.” He predicted that a droplet on
reaching Rayleigh limit would move as fine jets of liquid. More than 100 years later,
Rayleigh limit theory was confirmed experimentally. Beside electric field there are
other operating and solution parameters that need to be optimized before we obtain
a desire product.

Keywords: electrohydrodynamic processes, cost effective, micro and nanofibers,
micro and nanoparticles

1. Electrospinning

Since the late twentieth century, electrospinning, a technology used for the
fabrication of nanofibers, has been receiving increasing attention not only in the
scientific community but also in industry. With this technique fibrous material
was conveniently prepared with fascinating properties such as ultrafine diame-
ters in the range of 10-500 nanometer (nm), high permeability, porosity, surface
area per unit mass, and small inter-fibrous pore size [1-3]. It is, therefore,
considered to be a vital scientific and commercial venture with global economic
benefits. This technology traced its legacy back to 1902 [4, 5] and 1934 [6], when
the very first patents entitled “Apparatus for Electrical Dispersion of Fluids”
and “Process and Apparatus for Preparing Artificial Over and Done Threads
from Electrically Dispersed Fluids” were registered. Since then, this process was
largely ignored until the 1990s. However, with the recent revelations by research-
ers who are associated with the field of nanotechnology mainly nanofibers,
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investigations into the preparation of nanofibers using the aforementioned
technique picked up momentum [7].

In the literature, various techniques are reported for the fabrication of nano-
materials. These include drawing-processing, template-assisted synthesis, self-
assembly, solvent casting, phase separation, and electrospinning [8-10]. With
advancement of research in nanotechnology, particularly associated with nanopar-
ticles, nanostructures, and more explicitly with the preparation of scaffolds,
electrospinning emerged as a highly developed and frequently used technique/
process. This process is favored over other techniques such as solvent casting and
phase separation, since nanofibers have high surface area to volume ratio and inter-/
intra-fibrous pores. In addition to the previously mentioned properties, it has the
advantages of being easy to use and have a low processing cost. The growing litera-
ture on electrospinning has helped this technique to pave the way for advancements
in areas like environmental protection, bioengineering, electronics, and catalysis
[11-13]. The capability of this technique to produce nanomaterials from numerous
raw materials ranging from simple natural polymers to complex materials such
composites has attracted a large number of researchers. For example, scientists have
reported a wide range of applications of electrospun nanofibers in the protection of
the environment, most importantly in water and air filtration. Subramanian et al.
[14] and Feng et al. [15] emphasized the importance of using electrospun nano-
fibers for the removal of contaminants from water, focusing on the application of
electrospun nanofibers in nanofiltration.

Furthermore, polymers with a piezoelectric effect (i.e., polyvinylidene fluoride)
can be subjected to an electrospinning technique for the fabrication of nanofiber scaf-
folds with a piezoelectric effect. Apart from the use of nanofibers in scaffolds with
piezoelectric effect, they can also be used for producing high-surface-area nanosen-
sors. Huang et al. suggested that scaffolds of the copolymer poly(lactide-co-glycolide)
(PLGA) could be used as sensing tools in both chemical and biological fields [16].
Investigators have also highlighted that sensors prepared of nanofibers might dem-
onstrate improved sensing capabilities for chemicals such as 2,4-dinitrotulene DNT,
mercury (Hg), and ferric (Fe*®) ions as compared to orthodox thin film.
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Figure 1.

Scopus data showing year-wise publications in the avea of electrospinning. The data is taken on February
09, 2019.
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Furthermore, fluorescent polymer electrospun nanofiber optical sensors also
showed high sensitivity [17]. Ultrafine electrospun nanofiber scaffolds can also
be applied in the preparation of nanotubes, which are of prime importance in
various industries [18]. To prepare nanotubes, electrospun nanofibers are coated
with the raw material of the nanotubes, and upon the evaporation of a solvent via
solvent evaporation or the thermal degradation of the polymers, the nanotubes
are synthesized. Bognitzki et al. adopted a physical and chemical vapor deposition
technique using poly (L-lactide) (PLLA) nanofibers as a template and synthesized
polymer composite nanotubes comprised of poly(p-xylene)/aluminum metal
with a thickness of 0.1-1 mm [19]. Hou et al. prepared nanotubes with an even
smaller diameter by adopting the same technique using poly(L-lactide) (PLA) and
poly(tetramethylene adipamide) (PA) as templates [16, 20].

Electrospun nanofibers have also played a pivotal role in the area of bioma-
terials. The importance of electrospun nanofibers in the biomedical field can
be determined from the fact that numerous articles are being published every
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Figure 2.
Showing Scopus data subject wise where electrospinning has been used. The data is taken on February 09, 2019.
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Showing Scopus data of the institutions, which are working in area of electrospinning. The data is taken on
February 09, 2019.
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year on a regular basis in high-quality journals, highlighting their significance

in biomedical engineering. Nanofiber scaffolds were also functionalized with
desired triggering groups. These triggering groups performed a significant role
in providing conducive atmosphere to the cells, which resulted in their enhanced
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Figure 4.
Country-wise Scopus data of electrospinning. The data is taken on February 09, 2019.
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anchoring, proliferation, and differentiation. For example, collagen fibril has
been known to enhance the interaction between cells and scaffolds. Similarly,
electrospun nanofiber scaffolds are also used as a drug delivery carrier for carry-
ing drugs to their target sites [21, 22].

Nanofibers, until now, have been produced using electrospinning from nearly
100 diverse polymers of natural and synthetic origins. All polymers have been
electrospun via solvent and melt spinning. Even with the persistent use of this tech-
nique, the understanding of the basics still need to be acquired. Figures 1-5 show
the research interest in the area of electrospinning and the market interest in the
electrospun product. More than 200 universities and research institutes worldwide
(some with high publications are shown in Figure 3) are still studying a variety of
the electrospinning processes, their various aspects, and the nanofibers produced.
The market of electrospun product is expected to increase mostly in filtration and
medical fields by 2025 (Figure 5).

2. Electrospinning and its mechanism

Much research has been done on the electrospinning technique. Based on the
literature, the fundamental setup used for electrospinning (Figure 6a) consists
of mainly four parts: a glass syringe (holding solution), needle (metallic), applied
voltage, and collector (metallic, with a variable morphology). The process com-
mences, when electric charges, produced on the needle due to the applied voltage,
transfer into the polymer solution via the metallic needle [22]. These charges cause
instability within the polymer droplet. The repulsion of charges generates a force
opposite to surface tension. These forces cause the polymer solution to move in the
direction of the electric field (Figure 6b). An increase in the electric field forces the
spherical droplet to distort and adopt a conical shape. At this phase, fine nanofibers
(nano to micro in diameters) appear from the conical droplet called Taylor cone,
which are whippingly collected on the collector and kept at an optimized distance.
A steady charge jet could only form, when the polymer solution possesses adequate
cohesive force. This whipping of the fibers permits the polymer chains to stretch

j—s (b
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Figure 6.
Schematic depicting (a) electrospinning setup, and (b) phenomenon of electrospinning.
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and slide past each other in the solution, which leads to the fabrication of fibers
with diameters as mentioned above [23, 24].

3. Effects of parameters on electrospinning

There are various factors that affect the electrospinning process. These factors
are classified as electrospinning parameters and solution parameters. The electros-
pinning parameters include the applied electric field, distance between the needle
and collector, flow rate, and needle diameter. The solution parameters include the
solvent, polymer concentration, and viscosity. All of these parameters directly
affect the generation of smooth and bead-free electrospun fibers. Therefore, to gain
a better understanding of the electrospinning technique and fabrication of poly-
meric nanofibers, it is essential to thoroughly understand the effects of all of these
governing parameters. Detailed information highlighting the role of electrospin-
ning and the effects of the solution parameters on the morphology of electrospun
polymeric nanofibers are summarized below.

3.1 Effect of changes in applied voltage

Generally, it is a known fact that the flow of current from a high-voltage power
supply into a solution via a metallic needle will cause a spherical droplet to deform
into a Taylor cone and form ultrafine nanofibers at a critical voltage (Figure 7a-f).
This critical value of applied voltage varies for different polymers systems. The
creation of nanofibers with smaller diameter as the applied voltage is increased
could be ascribed to the stretching of the polymer solution and charge repulsion
in the polymer jet [25]. An increased applied voltage further than the critical value

4+ b

Figure7.
The images showing the droplet deformation and eventual fiber ejection with an increase in electric field on
droplet and effect of charges on polymeric solutions [28].
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while keeping the flow rate constant will lead to the creation of beads or beaded
nanofibers. The creation of beads or beaded nanofibers with an increased applied
voltage is ascribed to the decrease in size of the Taylor cone and increase in the jet
velocity. Deitzel et al. reported bead formation with an increase in the applied volt-
age using poly(ethylene oxide) (PEO)/water. Similar results were also reported by
Meechaisue et al. and Zong et al. [26]. Furthermore, the diameter of the nanofibers
was also reported to increase with an increase in the applied voltage. This increase
in the diameter was attributed to an increase in the jet length with the applied volt-
age (Figure7) [27].

4, Effect of solution flow rate

The movement of solution through the tip of the needle controls the morphol-
ogy of the nanofibers. Uniform beadless nanofibers could be fabricated via a critical
flow rate. The flow rate varies for different polymers systems. An increase in the
flow rate further than the critical value results in the creation of beads. For instance,
the increase in flow rate of polystyrene (PS) to 0.10 mL/min led to bead creation.
However, when the flow rate was reduced to 0.07 ml/min, bead-free, narrow-
diameter electrospun fibers were formed. Because an increase and the decrease
in the flow rate affect the nanofiber diameter, a minimum flow rate is preferred
to maintain a balance between the leaving polymeric solution and replacement of
that solution with a new one during jet formation [29, 30]. This will also permit
the formation of a steady cone jet and sometimes a receded jet: a jet that appears
from the inside of the needle with no apparent droplet or cone. Receded jets are
not steady jets, and during the process, these jets are unceasingly substituted by
cone jets. This phenomenon results in the formation of nanofibers with wide range
diameters (Figure 8a-h) [31]. Numerous research groups have studied the effect
of the flow rate on the morphology and diameter of nanofibers. For instance, Zong
et al. revealed that smaller diameter nanofibers can be prepared using a low flow
rate, whereas a high flow rate will not only yield high-diameter nanofibers, but the
bead formed will also have a high diameter [32]. Megelski et al. showed an increase
in the pore size and fiber diameter of PS nanofibers by increasing the flow rate of
the polymeric solution. They also concluded that fibers with beads were formed at
a high flow rate as a result of the incomplete drying of the nanofibers jet during its
flight between the needle tip and metallic collector [29]. In addition to bead forma-
tion, in some cases, at an elevated flow rate, ribbonlike defects [29] and unspun
droplets (Figure 8e) have also been reported in the literature [31]. The creation of
beads and ribbonlike structures with an increased flow rate was mainly ascribed to
the low stretching of the solution in the flight between the needle and metallic col-
lector and the non-evaporation of the solvent. Similar effect could also be ascribed
to an increase in diameter of the nanofibers with an increase in the flow rate [29].
The presence of the unspun droplets is attributed to the influence of the gravita-
tional force [31]. Another important factor that may cause defects in the nanofiber
structure is the surface charge density. Any change in the surface charge density
may also affect the morphology of the nanofibers. For example, Theron et al. found
that flow rate and electric current are directly linked to each other. His group inves-
tigated the effects of the flow rate and surface charge density using PEO, polyacrylic
acid (PAA), polyvinyl alcohol (PVA), polyurethane (PU), and polycaprolactone
(PCL). They noted that, in the case of PEO, an increase in the flow rate increased
the electric current and decreased the surface charge density at the same time. A
decreased surface charge density permits the merger of nanofibers in their flight to
the collector. This merger of nanofibers helps in the creation of garlands [33, 34].
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Figure 8.
Formation of various jets with increasing flow rate; here, (f-h) show images of electrospun fibers on aluminum

foil [31].

4.1 Effects of polymer concentration and solution viscosity

Electrospinning counts on the uniaxial stretching of a charged jet. The stretch-
ing of the charged jet is considerably affected if the solution concentration is
changed. For instance, when the concentration is low, the applied electric field and
surface tension force the entangled polymer chains to rupture into fragments before
reaching the collector [23, 35] . These fragments then lead to the creation of beads
or beaded nanofibers. Increased concentration of the solution, however, leads to
an increase in the viscosity, which subsequently increases the chain entanglement.
These entanglements then overcome the surface tension and eventually result in
uniform and beadless nanofibers. Moreover, increasing the concentration further
than a critical value impedes the flow of the solution through the needle tip. In
simple words viscous solution partially blocks and dries at the needle tip. This
eventually leads to defective and beaded nanofibers [23]. The morphologies of the
beads depict an interesting shape change from a round droplet-like shape (with
low-viscosity solutions) to a stretched droplet or ellipse to smooth fibers (with suf-
ficient viscosity) as the solution viscosity changes (Figure 9a-h). This effect of the
concentration/viscosity on the morphology of the nanofibers was also reported by
Doshi et al. Working with PEO, they concluded that the optimum viscosity for the
generation of electrospun nanofibers is 800-4000 cp [7]. In addition to the work of
Doshi et al., an experiment on a polyacrylonitrile (PAN) polymer solution showed
that smooth electrospun nanofibers could be prepared when the viscosity of the
solution was kept at 1.7-215 cp. Hence, it can be concluded that in addition to the

10
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Figure 9.
Variation in morphology of electrospun nanofibers with viscosity: (a—d) schematic and (e-h) SEM
micrographs [36, 37].

electrospinning parameters, the determination of the critical value of the concen-
tration/viscosity is also essential to obtain beadless nanofibers [27].

4.2 Role of solvent in electrospinning

The selection of solvent is one of the key factors for the fabrication of smooth
and beadless electrospun nanofibers. Usually two things need to be kept in mind
before selecting the solvent. First, the preferred solvents for electrospinning
process have polymers that are completely soluble. Second, the solvent should have
amoderate boiling point. Its boiling point gives an idea about the volatility of a
solvent. Mostly volatile solvents are desired as their high evaporation rates boost
the fabrication of nanofibers. However, very highly volatile solvents are commonly
avoided since their high evaporation rate forces the drying of jet at the needle tip.
This drying blocks the needle tip and thus hampers the electrospinning process.
Likewise, low-volatile solvents are also avoided since their low evaporation inhibits
their drying in the flight. The deposition of solvent-containing nanofibers on the
collector will cause the formation of beaded nanofibers [25, 38]. Numerous research
groups have studied the effects of the solvent and solvent system on the morphol-
ogy of nanofibers (Figure 10a—f) [39] and concluded that similar to the applied
voltage, solvent also affects the polymer system [40]. Moreover, solvents also play a
vibrant role in the fabrication of highly porous nanofibers. This may happen when
a polymer is dissolved in two solvents, where one act as solvents and the other
as a non-solvent. The difference in the evaporation rates of the solvent and non-
solvent causes phase separation, which results in the creation of pores in nanofibers
(Figure 10f) [25]. Similar results were also reported by Zhang et al. [41]. Megelski
et al. prepared porous nanofibers by varying the ratio of tetrahydrofuran (THF)

11
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Figure 10.

SEM images of 5% PCL solutions dissolved in different solvents: (a) glacial acetic acid, (b) 90% acetic acid,
(c) methylene chloride/ DMF = 4/1, (d) glacial formic acid, (e) and formic acid/acetone, along with (f) SEM
images of PVB nanofibers prepared from 10 wt% THF/DMSO (9/1v/v) [39, 43].

and dimethylformamide (DMF) [29]. The conductivity and dipole moment of
the solvent are also very vital. Jarusuwannapoom et al. from the test of 18 solvents
concluded only five solvents (ethyl acetate, DMF, THF, methyl ethyl ketone, and
1,2-dichloroethane) were feasible to be used in the electrospinning of PS, since
these solvents displayed relatively superior conductivity and dipole moment [42].

4.3 Effects of capillary and collector distance

The distance between the metallic needle tip and collector plays an essential role
in determining the morphology of electrospun nanofibers. Similar to the applied
electric field, viscosity, and flow rate, the distance between the metallic needle tip
and collector also varies with the polymer system. The nanofiber morphology could
be easily affected by the distance because it depends on the deposition time, evapo-
ration rate, and whipping or instability interval [44]. Hence, a critical distance
needs to be maintained to prepare smooth and uniform electrospun nanofibers, and
any changes on either side of the critical distance will affect the morphology of the
nanofibers [45]. Numerous research groups have studied the effect of the distance
between the needle tip and collector and concluded that defective and large-diame-
ter nanofibers are formed when this distance is kept small, whereas the diameter of
the nanofibers decreased as the distance was increased [27, 44, 46]. However, there
are cases where no effect on the morphology of the nanofibers was observed with a
change in the distance between the metallic needle and collector [47].
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5. Electrospray

Electrospray is a technique that uses electricity to disperse a liquid and produce
fine aerosol. High voltage is applied to a liquid supply usually a glass or metallic
capillary. The liquid on reaching to the tip of the capillary tube (in ideal conditions)
forms a Taylor cone, which produces a liquid jet through its top. Varicose waves
(twisted and lengthened waves) on the surface of the jet lead to the creation of
small and highly charged liquid droplets, which due to Coulomb repulsion are radi-
ally dispersed. Electrospray deposition technique is very famous among chemical
and medical researchers. This system has several advantages (such as high drug-
loading efficiency and self-dispersion) over conventional methods.

5.1 Evolution history of electrospray

In the late sixteenth century, Gilbert [48] described the behavior of magnetic
and electrostatic phenomena. He noticed that, in the presence of a charged piece
of amber, a drop of water deformed into a cone. This effect was clearly related
to electrospray and considered to be the first such observation. Gilbert did not
record/elaborate the observation. In 1750, a French clergyman and physicist
Jean-Antoine (Abbé) Nollet noticed that water flowing from a vessel aerosol-
ized when the vessel was electrified and placed near electrical ground. He also
observed that if a person is electrified due to a connection to a high-voltage
generator, he would not bleed normally if he were to cut himself. The blood would
only spray from the wound [49]. In 1882, Rayleigh theoretically estimated the
maximum amount of charge aliquid droplet could carry [50]. This theory is now
known as the “Rayleigh limit.” He predicted that a droplet on reaching Rayleigh
limit would move as fine jets of liquid. More than 100 years later, Rayleigh limit
theory was confirmed experimentally [51]. In 1914, Zeleny studied the behavior
of fluid droplets at the end of glass capillaries. The work was later published [52].
The report presented experimental evidence for several electrospray-operating
regimes (dripping, burst, pulsating, and cone jet). A few years later, the first
time-lapse images of the dynamic liquid meniscus were captured [53]. Between
1964 and 1969, Taylor produced the theoretical groundwork of electrospraying
[54-56]. Taylor demonstrated a cone formation by the fluid droplet when an
electric field was applied. This characteristic droplet shape is named as the Taylor
cone. He further worked with Melcher to develop the “leaky dielectric model” for
conducting fluids [57].

6. Mechanism of electrospray

Electrospraying is a technique (Figure 11) used for liquid atomization that
achieves the stretching and breakup of polymeric solution via electrical forces to
obtain micro- or nanoscale particles. Many forces control and direct the electro-
spraying process; the most important are (i) gravity of polymeric solution, (ii)
electrostatic force generated (from external electric field) between nozzle and
collector, (iii) repulsion force (Coulomb forces) among adjacent charged carriers
on the surface of jet, (iv) viscoelastic force of polymeric solution, (v) interfacial
surface tension between air and liquid, and (vi) frictional force between the
charged jet and the surrounding air. Among these forces, electrostatic, repulsion,
viscoelastic forces, and surface tension affect the stretching and atomization of
the droplets during the electrospraying process. When a solution flows out of the
nozzle (needle), the charge distribution and carried charge quantity on the surface
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(a) Basic electrospraying setup and (b) electrospraying mechanism [59].

of the solution will change in varying degrees, according to its electrical conduc-
tivity and dielectric constant, because of the polarization effect coming from the
external electric field. At the same time, initially, the uncharged liquid becomes
charged jet and is further stretched toward the direction of electrostatic attraction.
However, compared to gravity and electrostatic force that accelerates the movement
and stretching of polymeric solution from the nozzle to the collector, the surface
tension and viscoelastic ones prevent this movement and elongation because of
their opposite behavior on the electrosprayed solution. When these forces reach a
balance at a certain range, the droplets at the tip of the nozzle are stretched from the
spherical surface into conical surface. In 1964, Taylor proposed, for a perfectly con-
ducting liquid, a first explanation of the conical shape formation, corresponding to
a hydrostatic balance between electrostatic forces and surface tension. The presence
of the conical surface at the tip of the nozzle during electrospraying is also called
Taylor cone. According to Rayleigh’s theory, when the charge quantity distributed
on the surface of droplets reaches the value between 50 and 80% of the Rayleigh
limit, the breakup and fission of charged droplets occur due to Coulomb repulsions
among charged droplets [58]. A classical electrospray setup is considered, with the
glass capillary tube situated at a distance (d) from a grounded counter-electrode.
The liquid being sprayed is characterized by its viscosity (p), surface tension (y),
conductivity (k), and relative permittivity (e,).

6.1 Effect of small electric fields on liquid menisci

The liquid meniscus adopts a semispherical shape at the needle tip under the
influence of surface tension. Application of the voltage (V) will bring into effect the

electric field [60]: v
2

 rin(4d/r)
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where (r) is the liquid radius of curvature. The electric field causes the polar-
ization of the liquid into negative and positive charges. At low voltage, the liquid
assumes an equilibrium geometry with a small radius of curvature.

6.2 Taylor cone

A Taylor cone is formed at the applied electric field above the threshold value.
Theoretically the shape of the cone depends on two assumptions: first the cone has
equipotential surface, and second the cone is in steady-state e(/'{ulhbrlum [54].
meet both of these conditions, the electric field must have (R"*) dependence and
azimuthal symmetry to counter the surface tension. The answer to this problem is
given as below:

V=V, +AR'? Py 3 (cosfy)

where ((V=V,) equipotential surface) occurs at a value of (6,) (regardless of R)
leading to an equipotential cone. The angle necessary for (V=V,) for all R is a zero of
the Legendre polynomial of order 1/2, P1/2 (cosb,). There is only one zero between 0
and IT at 130.7099°, which is the complement of the Taylor’s now famous 49.3° angle.

6.3 Singularity development

The top of the conical meniscus cannot turn into substantlally small. A singular-

ity develops when the hydrodynamic relaxation time = - °; becomes larger than the

charge relaxation time = = % [61]. The undefined symbols stand for characteristic

length (r) and vacuum permittivity (e,). Due to intrinsic varicose unsteadiness, the

charged jet that eject from the cone ruptures into small charged droplets, which are
dispersed radially by the space charge.

6.4 Closing the electrical circuit

The charged liquid ejects through the cone top and is collected as charged
droplets on the collector which act as electrode. To balance the loss charge, the

Documents

;
';'

Figure 12.

Scopus data showing year-wise publication in the area of electrospraying. The data is taken on February 09,
2019.
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negative charge (which is in excess) is neutralized electrochemically at the nozzle
tip. A disproportion between the amount of charge produced electrochemi-

cally and that of the lost at the cone top could result in numerous electrospray
regimes. For a stable electrosprays, the potential at interface (metal/liquid)
self-regulates to produce the equal amount of charges that are lost through the
cone tip [62].

Various institution and disciplines around the world are working on electrospray
technique to prepare nano- and microparticles for a number of applications rang-
ing from food to biomedical. Figures 12-15 show the research interest in the area
of electrospraying. However, even with the widespread use of the electrospraying
technique, the understanding of this method is still very limited.
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Figure 13.
Country-wise Scopus data of electrospraying. The data is taken on February 09, 2019.
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Figure 14.
Showing Scopus data subject wise wheve electrospraying has been used. The data is taken on February 09, 2019.
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Figure 15.
Showing Scopus data of the institutions, which are working in area of electrospraying. The data is taken on
February 09, 2019.

7. Effects of parameters on electrospraying

Similar to electrospinning, there are various factors that affect the electrospray-
ing process. These factors are classified as operating and solution parameters.
The operating parameters include (i) applied voltage, (ii) working distance, (iii)
liquid flow rate, and (iv) nozzle type. The solution parameters include (i) electri-
cal conductivity, (ii) surface tension, (iii) viscosity, (iv) vapor pressure, and (v)
dielectric constant. All these parameters directly affect the formation of the Taylor
cone, which leads to the production of particles having a low mean diameter and
narrow particle size distribution. Therefore, to gain a better understanding of the
electrospraying technique and achieve low mean diameter and narrow particle
size distribution, it is essential to thoroughly understand the effects of all of these
governing parameters [58].

7.1 Applied voltage

Applied voltage is one of the essential parameters, which needs to be optimized
to get low diameter and narrow particle distribution. Voltage applied between
the nozzle and collector not only influences the stretching of the jet but also the
formation of the Taylor cone at the end of the nozzle. Increase in the applied volt-
age increases the electrostatic forces that are acting on the surface of the charged
droplets. This causes the spray mode to gradually take its route from dripping to
multi-jet and then to a stable cone jet (Figure 16 and Table 1). When the electro-
static forces acting on the surface of the spray droplets are not sufficiently strong
to overcome surface and viscoelastic tensions (low applied voltage causes drop-to-
drop mode), film formation occurs on the collector. In the dripping area, electrified
liquid form drops at the capillary end till the gravitational and electrical forces
overcome their surface tension. The droplets emerge at the end of the capillary
at low frequency and maintain spherical morphologies due to gravitational force
and surface tension. As the voltage is increased, the shape of the ejected droplet
is affected by its wetting properties, which allows the formation of particles with
high average diameter and wide size distribution. At higher voltages, the jet mode
changes to stable conical jet mode (Figure 17). At this point the electrostatic forces
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Figure 16.

Schematic showing various possible jet modes during electrospraying process adopted from [63].

Spraying mode types

Dl‘hﬂnc Regular large droplets. Cone " A smoothand

(E) stable liquid jet.

mnm flow rates along

Table 1.
A summary of the main spraying jet modes (adopted from [63]).

are strong enough to overcome surface and viscoelastic tension, which leads to a
balance between different forces and fabrication of low mean diameter particles of
narrow size distribution [63, 64].
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Showing the switching of a liquid meniscus (subjected to increasing applied voltage) into a conical shape and a
stable jet, adopted from [62, 65].

7.2 Flow rate

The flow rate of the electrospray solution is also an essential factor in the forma-
tion of the Taylor cone. The optimization of this parameter depends on two intrinsic
characteristics of the solutions: (i) vapor pressure of the solvent (ii) and electrical
conductivity of the solutions. A stable Taylor cone prefers low flow rates because
the uncharged drop at the tip of the nozzle needs sufficient time polarization. This
polarization generates charges on the droplet surface, which in turn promote Taylor
cone formation. At higher flows, the decrease in the polarization/partial polariza-
tion of the droplets result in continuous dripping of droplets due to gravity. Having
said this, for different materials the flow rate to form a stable jet varies. The use of
a solvent with a high-saturation vapor pressure needs a higher flow rate to avoid
nozzle blocking, when the solvent evaporates. A lower flow rate is recommended for
solutions prepared from solvents having low saturated vapor pressure. This is done
to ensure complete removal (evaporation) of the solvent during solidification pro-
cess. Another factor that might affect the optimization of flow rate is the conductiv-
ity of the solutions. It is a known fact that conductivity of a solution influences the
droplet polarization time. This means, it will also influence the adjustment of an
adequate flow rate. Since low conductivity solution will need more time to polarize
and generate charges on the droplet, hence in such case low flow rate is recom-
mended. Reverse is the case with high-conductivity solutions [66].

7.3 Working distance

The working distance between the metallic nozzle tip and collector also plays
an essential role in determining the formation of a table Taylor cone. Similar to the
applied electric field, viscosity, and flow rate, the distance between the metallic
needle tip and collector also varies for different polymer systems. Smeets et al.
achieved the formation of a stable Taylor cone using a lager tip-to-collector distance
and low flow rate. The working distance between the tip and the collector is con-
trolled to achieve a critical electric field (at constant applied field) and ensure the
formation of the Taylor cone. At shorter distance, the electric field is higher. This
leads to the formation of small particles. However, this is only possible when the
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solvent is more volatile; otherwise swelled particles are collected on the collector.
Long working distance may cause lower yield. This is attributed mainly to the loss
of material to the surrounding due to the turbulent droplet flight. Having said this,
long working distance is needed when denser polymer particles are required. The
particles do not swell on the collectors because of the availability of sufficient time
for the droplet’s solvent to evaporate in the flight from nozzle tip to the collector. For
low conductive solution with more volatility, nozzle to collector distance is smaller
and vice versa for the high-conductivity and low-volatility solution [64].

7.4 Electrical conductivity

In the process of electrospraying, a solution is stretched and converted into a jet
at the tip of the nozzle due to the electrostatic force, when an electric field is applied
between the nozzle tip and collector. A balance between gravity, electrostatic force,
Coulomb repulsions, viscoelastic and frictional forces, and surface tension leads to the
formation of a Taylor cone at the tip of the nozzle (Figures 11 and 17). The strength of
the electrostatic force and Coulomb repulsions that are acting on the electrosprayed
droplets depends on the amount of polarization charge on the droplets, which in turn
depends on the strength of the applied electric field. These electrostatic attractions
counteract the surface tension and viscoelastic forces, which then leads to the forma-
tion of Taylor cone. When the electrical conductivity of the solution is too high, this
high conductivity causes increased Coulomb repulsions among charged droplets and
breakup of the charged droplets. This phenomenon leads to the modification of the
balance between gravity, electrostatic force, Coulomb repulsions, viscoelastic and fric-
tional forces, and surface tension and a change from a stable cone jet to an unstable jet.
Similarly, a too low electrical conductivity causes decreased electrostatic attractions
on the droplets, which leads to the same unbalance among the abovementioned forces
and results neither in the Taylor cone formation at the nozzle tip nor the formation of
particle. Hence, a critical conductivity of the solution is needed, which results in the
formation of a stable Taylor cone. Jaworek and Xie et al. suggested that a electrohydro-
dynamic process is carried out under cone-jet mode, when the electrical conductivity
of the solution is in the range of 10 t0 107 S/m [67].

7.5 Surface tension and viscosity

As discussed earlier, unbalance between the forces affects the formation of a
Taylor cone at the tip of the nozzle during the electrospraying. One of these forces
is surface tension. Cloupeau and Smith suggested that the surface tension value of
the solution used in electrospraying must not exceed 50 mN/m, though some studies
reported more value for glycerine (63 mN/m) and water (72.8 mN/m) [68-71].
A high surface tension of a solution will result in a corona discharge at the tip of the
nozzle, which will cause a stable cone jet to change into an irregular spraying and
an asymmetrical mode. Similar to surface tension, viscosity of the solutions also
affects the formation of a stable Taylor cone. Since the direction of the viscoelastic
force is opposite to the direction of the gravity and electrostatic attraction, when the
viscosity of the solution is low, the combined viscoelastic force and surface tension
are sufficiently strong to counteract the gravity and electrostatic attraction forces.
This leads to dripping instead of cone jet. A high-viscosity solution does not allow
the formation of a stable Taylor cone due to the drying of the polymeric particles,
which block the tip of the capillary and therefore restricting the formation of a stable
Taylor cone. Thus, in order to achieve a stable con jet during electrospraying process,
a critical range of viscosity is needed. This range will be different for different for
polymeric systems. For some the range may be from 1.5 to 5500 mPa-s [52, 53].
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7.6 Vapor pressure and dielectric constant

Boiling point of the solution in electrospraying also affects the formation of
Taylor cone. Since the evaporation of solvent and the formation of Taylor cone at
the tip of the nozzle occur simultaneously in jetting, thus a too low boiling point
(high vapor pressure) changes the shape of the stable cone jet into an unstable one.
Furthermore, a low boiling point of solution will result in the drying of the poly-
meric particles at the tip of the nozzle and will block the tip and stop the process.
The effect of the dielectric constant on the cone-jet formation is similar to the
electrical conductivity. A very high and too low dielectric constant is not favorable
to obtain a stable cone jet during electrospraying process (e.g., polycaprolactone
(PCL)). Some research published on the electrospinning of PS correlated to the
dipole moment and the dielectric constant of the solutions. To date, very few
articles have studied the effect of dielectric constant on the outcomes of electro-
spraying; much work is needed to completely understand its effects [42, 72].

8. Conclusion

Electrospinning is a technique used for the fabrication of nanofibers, whereas
electrospray is a technique used for the preparation of micro- or nanoscale size,
mono-dispersed particles. Both of these electrodynamic techniques have been
receiving increasing attention not only in the scientific community but also in the
food, environmental, and biomedical industries. The main apparatus used for both
of these processes is almost the same. Both need electric voltage to induce charges
on the droplet, which at optimized electric filed leads to micro- or nanofibers and
micro- or nanoparticles. Rayleigh in 1882, for the first time, theoretically estimated
the maximum amount of charge a liquid droplet could carry to change in a jet.

This theory is now known as the “Rayleigh limit.” His predicted that a droplet on
reaching Rayleigh limit would move as fine jets of liquid. More than 100 years later,
Rayleigh limit theory was confirmed experimentally. Beside electric filed there are
other operating and solution parameters that need to be optimized before we obtain
our desired products. The particle and fiber formation mechanisms and principles
of electrospraying and electrospinning are still complicated, and more studies are
needed understand both of these processes.
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Delivery
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Abstract

A detailed account of the construction, properties, and practical applications of
electrospinning for the fabrication of high-quality ultrafine fibers, suitable for drug
delivery, is given. With respect to the electrospinning method, various parameters
are of crucial importance. The electrospinning parameters are classified as solution
properties, process parameters, and environmental conditions. The solution prop-
erties include the polymer concentration, molecular weight and viscosity, the solu-
tion conductivity and relative volatility, volatility of the solvent, surface tension,
and dielectric constant. The process parameters refer to the flow rate, the applied
voltage, the needle diameter, and the distance between the tip of the needle and col-
lector and the geometry of the collector. The environmental conditions include the
relative humidity and temperature. All these factors are responsible for a flawless
electrospinning process, which leads to the formation of the desirable electrospun
nanofibers with the requisite characteristics. In this chapter, it has been shown that
the electrospinning technology could provide a useful method for modifying drug
release behavior and opens new routes for the development of effective and tailor-
made drug release carriers.

Keywords: nanofibers, electrospinning, electrospinning parameters, polymers,
oral drug delivery

1. Introduction

During the last years, nanofibers have become increasingly attractive as drug
delivery systems, mainly because they enhance the delivery of limited absorp-
tion drugs by improving the dissolution rates and solubility of drug molecules.
Moreover, nanofibrous approaches in preparing stable amorphous drug formula-
tions are extensively profitable [1].

The principal methods used for the fabrication of polymer nanofibers include
drawing, template synthesis, phase separation, self-assembly, solvent casting, and
electrospinning. However, the latter has become the most frequently used technique
because of its ability to afford nanofibers with unique characteristics. These include
a very high surface area to volume ratio, a high porosity with a small pore size,
improved mechanical properties, degradability, and flexibility in surface function-
alities/motifs. All the other fabrication methods have limitations, with respect to
the materials used, and moreover, they are laborious and complex processes, result-
ing in problematic scale-up. Furthermore, compared with the other processing
techniques, electrospinning is a simple, user-friendly, reproducible, and continuous
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process [1-4], and upon the appropriate selection of the electrospinning apparatus
and materials, diverse types of fibers, such as core-sheath, porous or hollow struc-
tured nanofibers can be produced.

2. Electrospinning

As already mentioned, electrospinning is a simple, highly versatile and robust
technique for the production of polymers and a wide range of materials, including
ceramic, metallic, and long fibers with diameters from submicron down to nano-
meter scale. These fibers are produced by feeding a polymer solution, dispersion
or melt in a high electric field. It is worth mentioning that the use of melt in the
electrospinning process is costly and leads to more difficult production than using
polymer solution [1-6].

2.1 Electrospinning equipment

The main setup of an electrospinning equipment involves three main parts all
enclosed within a chamber. A typical electrospinning apparatus is shown in Figure 1.
It is composed of an electrical supply, for generating a high-voltage power supply, a
piece of feeding equipment, which consists of a glass syringe with metallic needle filled
with the polymer solution, a pump suitable for controlling the flow rate of the polymer
solution, and a grounded collector usually made from aluminum foil. The power
supply is used to apply tens of kilovolt to the needle, which works as a spinneret, while
the pump extrudes the polymer from the syringe to the collector, which can be either
rotatable or static [2, 4, 5, 7-9].

2.2 Electrospinning process and methods
2.2.1 Electrospinning process
The working principle of electrospinning is straightforward: at ambient temper-

ature, a polymer solution or melt is ejected from the tip of a needle to a grounded
metal collector by applying high voltage between the needle and the collector [2]. In

L

Figure 1.
Typical schematic setup of electrospinning equipment with static (up) and rotatable collector (down,).
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detail, the electrospinning process starts with the application of high voltage, which
creates electric charges that are moving toward the polymer solution in the syringe
via the metallic needle. The induction of charges on the polymer droplet causes
instability within the polymer solution, thus creating an electrically charged jet of
polymer solution or melt. Concurrently, a force that opposes the surface tension is
produced, by the mutual repulsion of charges, and as a result, the polymer solution
flows in the direction of the electric field and is extruded from the needle of the
syringe with the aid of a pump [4]. Specifically, the solution jet is ejected from the
nozzle of the needle when the voltage exceeds a threshold value because the electric
force overcomes the surface tension of the droplet. Each droplet is exposed to a high
voltage, and a cone-shaped droplet is formed. This is known as the Taylor cone and
is caused due to the electrical voltage, which is the difference voltage between the
nozzle and the collector with the counter charge [8]. Subsequently, the charged

jet of solution is evaporated or solidified before reaching the metallic collector,
where the solid material is collected as a solid interconnected continuous network
of small fibers [1, 8, 10]. Regarding the electrospinning process, a stable charge jet
can be formed only if the polymer solution has adequate cohesive force. During the
process, the internal and external charge forces cause the whipping of the liquid jet,
thus permitting the polymer chains to stretch and slide into the solution pushing
the jet toward the collector [4]. As a result, the created fibers have enough small
diameters to be characterized as diversely functionalized nanofibers because of
their surface structure and their potential to modify their morphology and their
internal bulk content [1, 4, 11, 12].

2.2.2 Electrospinning methods

The electrospinning technique is very useful for the incorporation of drugsin
drug delivery systems. This technique can be reproducible under controlled param-
eters and is used in many formulations for the creation of new and innovative drug
carriers because of their efficiency of transporting the bioactive agents to the target
without causing secondary effects in the body. There are different methods for
incorporating therapeutic drugs into drug delivery systems with electrospinning,
which can greatly influence the properties of the resulting drug-loaded fibrous
system. These methods involve blending, coaxial, emulsion, and surface modifica-
tion electrospinning, which have discrete advantages and disadvantages. According
to the physicochemical properties of the drug, the polymeric characteristics and the
application of the drug-incorporated fibers, such as the target zone and the required
drug release rate, the appropriate method is being selected as not all drugs can be
loaded with all of these methods [3, 13, 14].

2.2.2.1 Blending electrospinning

Blending of the therapeutic agent with the appropriate polymeric solution
remains the most predominant method for drug loading into nanofibers [3, 13].
This method is simple, compared to others, but some requirements should be met
in order to gain the desired results. The polymeric blend improves the mechani-
cal and physicochemical properties equilibrium of the drug-loaded nanofibers
and increases effectively the formulation design for drug release, resulting in the
manipulation of the release rate by changing the proportion of polymer in the blend
[3, 15]. The insufficient solubility of the drug in the polymeric solution, where
the drug molecules can shift to a nearby surface of fiber during electrospinning,
can trigger the isolate release of the drug into the solution. Thus, the equilibrium
among hydrophilic and hydrophobic properties between drugs and polymers is
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very important during blending electrospinning [3, 7]. The drug release behavior is
highly contingent on the distribution of the drug molecule into electrospun nano-
fibers as well as on the morphology of the nanofibers. In order to achieve perfect
encapsulation of the drug inside the electrospun nanofibers, the hydrophobic poly-
ester polymers should interact very well with the hydrophobic or lipophilic drugs,
such as rifampicin and paclitaxel, while the hydrophilic polymers, such as gelatin,
polyethylene glycol (PEG), and polyvinyl alcohol (PVA), can dissolve hydrophilic
drugs, such as doxorubicin. It has been cited that amphiphilic copolymers like the
PEG-b-PLA diblock copolymer could significantly enhance drug-loading efficiency
and subsequently reduce the burst release of drugs [13]. With the blending electro-
spinning method, the drug is dissolved or dispersed into the polymer solution to
achieve drug encapsulation through a single-step electrospinning, and as a result,
fibers are obtained with single phase only [3, 13].

2.2.2.2 Coaxial electrospinning

The coaxial electrospinning method is regarded as one of the most significant
breakthroughs, and it is mainly useful for multidrug delivery systems, where the
individual drug release behavior is controlled [2, 3, 13]. In this method, there are
two liquids inside the spinneret, which minimize the interaction between aqueous-
based biological molecules and the organic solvents, in which the polymer is mainly
dissolved, and as a result is used for obtaining fibers with core-shell structures [2, 3, 13].
These structures are used in cases where the therapeutic agent is sensible to
the environment [3]. Moreover, this method can be used for generating novel
structural nanomaterials, such as preparing nanofibers from materials without
filament-forming properties enclosing functional liquids within the fiber matrix
and encapsulating drugs or biological agents in the core of the polymer nanofibers
leading to sustained and controlled drug release [2, 3]. The functionality of biomol-
ecules is improved in coaxial electrospinning because the inner jet is formed by the
biomolecule solution, and the outer jet is formed by the polymer solution, which is
the co-electrospun. Moreover, the polymeric shell contributes to the sustained and
prolonged release of the therapeutic agent as well as protecting the ingredient in
the core from direct exposure to the biological environment [3, 13]. In this method,
the coaxial fibers have successfully loaded proteins, growth factor, antibiotics, and
other biological agents for drug delivery purposes [3, 13]. In coaxial electrospin-
ning, there are a lot of factors, which should be considered in the design step, such
as shell and core polymer concentration, molecular weight, and drug concentration
[13, 14]. Nevertheless, only a limited portion of the produced fibers can form the
proper core/shell structure and this system improves the sustained release of drugs
and allows the bioability of unstable biological agents to be maintained [3, 14].

2.2.2.3 Emulsion electrospinning

The emulsion electrospinning method is an important and flexible method for
the encapsulation of several drugs into nanofibers as well as a cost-effective and
efficient manner for preparing core-shell electrospun nanofibers [3, 14]. In the
emulsion electrospinning method, the oil phase is created by the emulsion of the
drug or aqueous protein solution in the hydrophobic polymer solution. At the end
of the electrospinning, the biomolecule-loaded phase can be distributed within
the fibers, if a low molecular weight drug is used, or a core-shell fibrous structure
can be configured as macromolecules in the aqueous phase [3, 13, 14]. It has been
reported that the ratio of hydrophilic (aqueous) to hydrophobic (polymer) solu-
tion is one of the parameters that affect the distribution of the biomolecules within
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the fibers. Moreover, it plays an important role in regulating the release profile,
structural stability, and bioactivity of the encapsulated drug or proteins [3, 13, 14].
It is worth mentioning that the main advantage of emulsion electrospinning against
blending electrospinning is the elimination of the need for a common solvent as the
drug and the polymer are dissolved in applicable solvents. Numerous hydrophilic
drugs and hydrophobic polymeric combinations can be used while maintaining
minimal drug contact with the organic solvent during the procedure [3, 13, 14, 16].
However, the emulsion electrospinning would still cause damage or degradation

of unstable macromolecules, like nucleic acids, mainly because of the shearing
force and tension between the two phases of the emulsion, compared to coaxial
electrospinning. Therefore, further modifications, like condensation of the carrier
gene in gene therapy might be useful for more protection. Furthermore, during

the emulsification or ultrasonication procedures in emulsion electrospinning, the
contact of core materials with the solvent is increased, which may cause probable
damage to the drug contents. Although extremely hydrophobic polymers can be
used in emulsion electrospinning, the affinity or compatibility between drug and
polymer might also influence the distribution of drugs within the fibers. It is cited
that the copolymerization of hydrophobic polymers with hydrophilic polymers,
such as PEG, e-caprolactone (6-hexanolactone) (PCL), and poly(3-hydroxybutyric
acid-co-3-hydroxyvaleric acid) (PHBV), affects drug distribution [3, 13, 14].

2.2.2.4 Surface modification electrospinning

The surface modification electrospinning is another promising method for
introducing biofunctionality into nanofibers. In the surface modification elec-
trospinning, a specific conductive surface can be chemically altered and changed
aiming at modifying the external properties of a coated device, such as the tissue,
which encircles the implanted material [3]. In this strategy, the release of the thera-
peutics is weakened and the functionality of the surface, where the immobilized
biomolecules are located, preserved [13, 17]. Thus, this method is applied to avoid
fast initial burst release and to slow down the rate of immobilization of the biologi-
cal molecules on a particular surface. Therefore, the surface modification elec-
trospinning is more applicable for gene or growth-factor delivery where slow and
prolonged release of the therapeutic agent is required [13, 17]. Moreover, having a
good electrospinning system and a well-standardized method, it is possible to coat
3D surfaces with nanoparticles or homogeneous surfaces [3, 16]. In cases where the
drug cannot be immobilized, either because the drug is required to be endocytosed
or interact with the nucleus of the cell, its release rate could be accurately controlled
by introducing responsive materials to local external cues. This can happen by
introducing hydrophobic functional groups onto the nanofibers surface [13].

2.3 Electrospinning parameters

The fabrication of nanofibers via electrospinning is affected by many different,
but interlinked parameters as shown in Table 1 [1]. These parameters modulate
both the electrospinning process and the morphology of nanofibers [1, 4]. The
electrospinning parameters can be classified as solution properties, process param-
eters, and environmental conditions [1, 4, 8]. The solution properties include the
polymer concentration, molecular weight and viscosity, the solution conductivity
and relative volatility, volatility of the solvent, surface tension, and dielectric con-
stant. The process parameters refer to the flow rate, the applied voltage, the needle
diameter, the distance between the tip of the needle and collector, and the geometry
of the collector. The environmental conditions include the relative humidity and

35



Electrospinning and Electrospraying - Techniques and Applications
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Table 1.

Parameters that affect the electrospinning technique.

temperature [1, 4, 7, 8, 18]. The solution properties and the process parameters
have predominant influence on the formation and morphology of the produced
nanofibers, while the environmental conditions do not have a significant effect [1].
Moreover, all these factors are responsible for a flawless electrospinning process,
which leads in the formation of the desirable electrospun nanofibers with the
requisite characteristics [8]. Consequently, the careful monitoring of these factors
can ensure the formation of smooth, highly porous nanofibers without beads [4, 8].

2.3.1 Effects of polymer concentration

The electrospinning method relies on the creation of electric charges in the
polymer solution, which generate a charged jet [4]. When the polymer concentra-
tion is low, then the entangled polymer chains break into fragments before reaching
the collector, due to the applied electric field and surface tension [4, 9, 12]. The
entanglement of the polymer is necessary for fiber formation, but in the state of
low polymer concentration. In this state, the phenomenon of electrospraying will
take place and particles, instead of fibers, are formed [8, 19]. It has been reported
that the boundary concentration between electrospray and electrospinning is
solvent-dependent [8, 20]. Moreover, these polymer fragments cause the formation
of nanofibers with beads [4]. In turn, if the polymer concentration increases, the
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chain entanglement among polymer chains will increase because of the increase

in solution viscosity. As a result, these chain entanglements overcome the surface
tension and uniform electrospun nanofibers devoid of beads are formed [4, 21]. If
the concentration increases beyond a critical value, then the flow of the jet will be
blocked as the droplet will dry out at the tip of the metallic needle, and the polymer
jet would not be initiated. In this case, the clog should be removed to let the electro-
spinning process continue [4, 12, 18] and obtain beadles nanofibers with increased
diameter [1, 4, 18, 22, 23].

2.3.2 Effects of polymer viscosity

With respect to the electrospinning method, the polymer viscosity is included
in the solution properties. It has been reported that a change in polymer viscosity
can affect the morphologies of the beads in nanofibers [4, 24]. If the viscosity of the
polymer solution is low, the shape of the produced nanofibers will be round droplet
like, but if the viscosity of the polymer solution is sufficient, then stretched droplet
or eclipsed shapes fibers will be formed [4, 22-25]. Moreover, an increase in poly-
mer concentration causes increase in polymer viscosity, and as a result, an increase
beyond a critical value will block the flow of the jet and the droplet will dry out at
the tip of the metallic needle. In conclusion, the determination of the critical value
of viscosity is essential, as an increase in the polymer viscosity leads to thicker and
bead-free nanofibers with increased diameter [4, 21]. Conversely, if the increase of
viscosity is too high, beads will be generated in the nanofibers [1, 7].

2.3.3 Effects of solution conductivity

The solution conductivity is another solution parameter, which affects the elec-
trospinning process and as a result the formation of nanofibers and their diameter
distribution [7, 8]. The solution conductivity has a significant role on the formation
of the Taylor cone and in controlling the diameter of the nanofibers [4, 8]. Poor
conductivity solutions are not capable of producing electrospinning results, as the
surface of the droplet will have no charge to form the Taylor cone. Conversely, an
increase in the solution conductivity will lead to the Taylor cone formation because
of the increase of the charge on the surface of the droplet. This will also lead to the
reduction of the fiber diameter [4, 8, 26]. It has been reported that if the solution
conductivity increases beyond a critical value, the formation of the Taylor cone will
be prevented. This can be attributed to the Coulombic forces between the charges
on the surface of the fluid and the force due to the external electric field [4]. It has
been well documented that a highly conductive polymer solution is unstable and
leads to a wide diameter distribution when a strong electric field is applied [4, 7, 27].
However, the polymer solution conductivity could be adjusted by the addition of
a suitable salt [4, 7]. The addition of the salt affects the electrospinning process by
increasing the number of the ions in the polymer solution resulting in the increase
of surface charge density of the fluid and the electrostatic force produced by the
applied electric field [4, 7, 22, 28, 29]. Moreover, the addition of the salt increases
the polymer solution conductivity resulting in the reduction in the tangential elec-
tric field along the surface of the fluid [4]. Concluding, the increase of the solution
conductivity leads to ultrafine nanofibers with reduced diameter [1, 7, 8, 26].

2.3.4 Effects of surface tension

The surface tension is included in the solution parameters, which affect the
electrospinning process and the nanofiber morphology, but there is no conclusive
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correlation [1]. Nevertheless, it has been reported that there is a delicate balance
between the surface tension and the electric field (conductivity, concentration,
and viscosity), which affects the ultimate morphology of the nanofibers [4, 7].
Particularly, the surface tension and the applied electric field cause the disentan-
gling and breaking of the perplexed polymer chains into fragments before reach-
ing the collector, which cause the formation of beads in the nanofibers [4, 9, 12].
Another case refers that the surface tension influences the surface of the polymeric
nanofibers, and in the case of poor conductivity of polymers, charges accumulate
onto the surface and as a result, beaded formation is prompted [7].

2.3.5 Effects of molecular weight of polymer

The molecular weight of the polymer is included in the solution properties, and
it is a parameter that affects the viscosity of the solution. Ordinarily, an increase in
molecular weight, until a critical value, leads to increase in solution viscosity and
the formation of nanofibers with fewer beads [1, 7]. In general, polymers with high
molecular weight are preferred as they cause extensive chain entanglement, which
facilitates the nanofiber formation during the spinning process. On the contrary,
polymer solutions with lower molecular weight may lead to the formation of beads
or break up into droplets [30]. Overall, the molecular weight is one of the most
important parameters, which affect the outcome nanofibers and as a result the
electrospinning process.

2.3.6 Effects of solvent volatility

The solvent volatility is another parameter of solution parameters, which affects
the electrospinning process and as a result the formation of smooth and beadles
electrospun nanofibers. The solvents that are preferred in the electrospinning
process should be polymers that are entirely soluble, and they should have moder-
ate (appropriate) boiling point, which is related with the volatility of the solvent
[4, 8]. Common volatile solvents, with high evaporation rates, which ensure the
facile evaporation of the solvent from the tip of the needle to collector, are used in
the electrospinning process [4]. The rate of solvent evaporation from the polymer
solution jet leads to phase separation and creation of secondary structures on fibers
[4, 7, 31]. It has been reported that highly volatile solvents absorb the heat from the
jet, thus lowering the temperature of the liquid jet; this temperature drop decreases
the thermodynamic stability of the nonsolvent phase. These phenomena result in
high evaporation rates, which cause the drying of the jet at the tip of the needle,
block the needle tip, and hence hinder the electrospinning process or else the early
solidification of the polymer jet. Overall, highly volatile solvents are avoided in the
electrospinning process because fiber formation will not be completed [4, 7, 8].
Similarly, solvents with low volatility should not be used, because they have high
boiling points, which prevent the drying during the nanofiber jet formation or else
the solidification process could be retarded because the solvent evaporation is low
[4, 8]. Conclusively, the type of the solvent and especially their volatility profile,
and the rate of evaporation are very important parameters for the formation of
nanofibers. It is cited that higher volatility demands and higher flow rates result in
the formation of electrospun nanofibers with fewer beads [1, 4, 7].

2.3.7 Effects of solution volatility

Relative volatility is a measure of the differences in volatility between two
components and is used in the design of separation or absorption processes. The
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solution relative volatility is a solution parameter that has similar effect with the
volatility of the solvent. Solutions that are prepared from solvents of very low
volatility may deliver wet and cross-linked nanofibers or even no nanofibers, at all
[4, 8, 30]. Conversely, the usage of highly volatile solvents for the solution prepara-
tion may result in intermittent spinning because of the solidification of the polymer
jet at the tip of the needle [4, 7, 30]. It has been reported that an increase in relative
volatility of polymer solution causes the appearance of porous microstructure due
to higher volatility, and this affects fiber’s porosity and morphology [7].

2.3.8 Effects of dielectric constant

The dielectric constant, sometimes called relative permittivity or specific induc-
tive capacity, is the ratio of the permittivity of a substance to the permittivity of
free space. It is an expression of the extent to which a material concentrates electric
flux. The dielectric constant of the solvent(s), used in the successful electrospin-
ning and the formation of electrospun nanofibers, has to be sufficient, but not high
[1]. It has been reported that an increase in the dielectric constant of the solution
leads to an increase of the number of jets. On the contrary, a reduction in the value
of the dielectric constant to a single digit leads to the formation of a single jet.
Furthermore, the value of the solution dielectric constant may influence the stabil-
ity of the jet, as bending instability may be reduced with a lower charge density
resulting in a longer and stable jet [30]. Overall, the solution dielectric constant has
to be sufficient for the successful electrospinning and the formation of electrospun
nanofibers [1].

2.3.9 Effects of flow rate

The flow rate is an important parameter belonging to the process parameters,
which influences the diameter of the electrospun fibers and subsequently the
charge density and the morphology of the nanofibers [4, 7]. It is reported that there
is a critical point depending on the polymeric solution, in which the critical flow
rate leads to the formation of uniform electrospun nanofibers [4, 8]. In the case of
increasing the flow rate, beyond the critical value, nanofibers with larger diameter
and pore size are produced and the formation of beaded structures is enhanced
(4,7, 8, 18, 31]. This bead formation is caused due to the incomplete drying of the
polymeric jet. When the delivery rate of the polymeric jet to the needle tip exceeds
the rate at which the polymeric solution is removed from the tip by the electric force
in the metallic collector, a mass balance shift results, which leads to a sustained but
unstable jet and bead formation [4, 7, 32]. In the case of decreasing the flow rate,
beyond the critical value, smooth, fine, and thinner nanofibers are formed [1, 18].
It is cited that increases and decreases in the flow rate affect the nanofiber forma-
tion, and as a result, a minimum flow rate of the polymeric solution is preferred
in order to replace the solution that is lost with a new one, during jet formation, as
the solution will have enough time for polarization, stretching, and drying [4, 31].
Overall, lowering the flow rate causes the formation of thinner nanofibers instead
of too high flow rates in which the nanofiber diameter increases and the continuity
of the fiber interrupts bead formation [1, 7].

2.3.10 Effects of applied voltage
The applied voltage is an important process parameter, which affects the

strength of the electric field and therefore influences the diameter and the nanofi-
ber morphology [7, 8]. Moreover, an increase in the applied voltage causes a change
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in the shape of the Taylor cone, and as a result, a critical voltage, which depends on
the polymeric solution, is needed for the formation of ultrafine nanofibers given a
certain distance between the needle tip and collector [4, 5, 7, 8]. An increase in the
applied voltage leads to the formation of thinner nanofibers because of the stretch-
ing of the polymer solution in correlation with the charge repulsion within the
polymer jet [1, 4, 7, 18, 33]. A higher applied voltage, above the critical value, may
lead to an irregular increase of the diameter and the formation of beaded, nonuni-
formity nanofibers [4, 7, 8, 22]. This situation is attributed to the decrease in the size
of the Taylor cone and increase in the jet velocity, keeping the same flow rate

[4, 22, 34]. However, there are studies that have shown that the increase in the
applied voltage leads to increase in the diameter of the nanofibers [4, 18, 21]. This
phenomenon may be explained as the increase of the voltage leads to the decrease
of the volume of the drop at the tip of the needle causing the receding of the

Taylor cone resulting in increase in the jet length and fiber diameter because of the
increase in the amount of the ejected fluid and the flow rate of polymer solution

[4, 18, 21]. In conclusion, in general, the increase of the applied voltage, until a
critical value, causes the formation of thinner nanofibers, but this depends on the
type of the polymeric solvent [1, 4, 7, 8, 18]. It is worth mentioning that the problem
of bead formation was not solved by varying the applied voltage [18].

2.3.11 Effects of needle tip to collector distance

The distance between the metallic needle tip and the collector could be easily
affecting the morphology of nanofibers because it is dependent on the deposi-
tion time, evaporation rate, and the whipping or instability interval [4, 7, 8, 35].
Therefore, a critical distance is needed to be fixed for the preparation of dry,
smooth, and uniform electrospun nanofibers [1, 4]. A decrease in the distance
between the tip and the collector leads to the enlargement of diameter of nanofibers
and the generation of beads, while an increase in this distance leads to the formation
of nanofibers with decreased diameter [1, 7, 8, 21, 35]. However, there are cases that
the morphology of nanofibers is not affected by the distance between the metallic
needle and the collector [4, 32]. Increasing the distance between the needle tip and
the collector, the nanofiber diameter decreases and there is a minimum distance
required to obtain dry, smooth, and uniform electrospun nanofibers, but when the
distance is too short or too large, beads are formed [1, 7].

2.3.12 Effects of velative humidity

The relative humidity is a factor belonging to the environmental conditions
of the electrospinning, which affects the diameter and the morphology of the
electrospun nanofibers [4, 8, 36, 37]. The relative humidity is crucial for the pro-
duction of ultrafine nanofibers with acceptable morphology, because it affects the
formation of pores on the fiber surface via solvent evaporation or else controlling
the solidification process of the charged jet [4, 7, 8]. The appropriate amount of
the relative humidity depends on the chemical nature of the used polymer. A high
relative humidity suppresses the evaporation rate as long as the surface area of the
jet increases and the charge per unit area on the surface of the jet decreases resulting
in the capillary instability and the beaded structure formation [1, 7, 8]. It has been
cited that humidity controls the evaporation rate of the fluid jet when the water is
used as a solvent component [7]. Overall, lower relative humidity enables higher
flow rate, and as a result, the formation of beads is reduced, while higher relative
humidity leads to the appearance of porous microstructures due to evaporation
effects and/or phase separation [1, 7, 8].
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2.3.13 Effects of temperature

The temperature is another factor belonging to the environmental conditions of
the electrospinning, which is crucial for the production of ultrafine nanofibers with
acceptable morphology, because it affects the diameter of the fibers [4, 8, 36, 37].
Moreover, temperature causes changes in the average diameter of the nanofibers
resulting in modification of the electrospun nanofibers size by causing two oppos-
ing effects; first, it increases the evaporation rate of the solvent and secondly, it
decreases the viscosity of the polymer solution. These effects have the behavior of
two opposite mechanisms, but both of them lead to a mean fiber diameter decrease
[4, 8]. In general, an increase in the temperature leads to thinner nanofibers forma-
tion [1, 4, 8].

3. Electrospinning in per oral drug delivery

With the appearance of nanotechnology, researchers have become more
attracted in studying the characteristic properties of nanoscale materials.
Electrospinning, a method of electrostatic fiber fabrication, has established more
attention in recent years due to its usefulness and potential for applications in
diverse fields, like tissue engineering, biosensors, filtration, wound dressings, drug
delivery, and enzyme immobilization. The nanoscale fibers are generated by the
application of strong electric fields on polymer solution and mimic better the extra-
cellular matrix components as compared to the conventional techniques, offering
various advantages, like high surface area to volume ratio, tunable porosity, and the
ability to manipulate nanofiber composition in order to get desired properties and
function [38]. The use of electrospun nanofibers, as formulation systems for oral
drug delivery, has been studied extensively over the past decades in fast/immediate
release systems and more recently in modified release systems.

Numerous researchers have been studying orodispersible or fast-dissolving
drug delivery formulations produced from nanofiber-loaded systems that rapidly
disintegrate in the oral cavity due to nanofibers’ large surface area, which causes
immediate disintegration in water solutions and fast drug release [18, 39-46].
Applications of the electrospinning technique on modified per oral drug delivery
are summarized in Table 2.

3.1 Electrospinning in controlled per oral drug delivery

Oral controlled drug release systems are characteristic in formulation, and
researchers have developed electrospun nanofibers for usage in treatment and
management of disorders that need special drug release patterns. Scientists have
developed amyloid-like bovine serum albumin with ampicillin sodium salt nanofi-
bers by electrospinning, and the iz vitro results showed controlled release behavior
[47]. Electrospun fiber mats were also investigated as drug delivery systems using
tetracycline hydrochloride as a model drug. The nanofibers were made either from
poly(lactic acid), poly(ethylene-co-vinyl acetate), or from a 50:50 blend of the
two. The release of the tetracycline hydrochloride from these new drug delivery
systems followed controlled release behavior [48]. Moreover, polyvinyl alcohol
nanofibers loaded with curcumin or its f-cyclodextrin inclusion complexes were
prepared using an electrospinning process. Iz vitro dissolution tests showed that the
drug release profiles of polyvinyl alcohol/curcumin and polyvinyl alcohol/complex
fibers were different, with release from the latter occurring more rapidly [49]. In
addition, electrospun gelatin nanofibers were prepared by sequential crosslinking
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Table 2.

An overview of the electrospinning technique applications in modified per oval drug delivery.

using piperine as a hydrophobic model drug by sandwiching the drug-loaded
gelatin nanofiber mesh with another gelatin nanofiber matrix without drug (act-
ing as diffusion barrier). The results indicated controlled and sustainable release

of the drug for prolonged time [50]. Researchers have also prepared melatonin-

loaded nanofibrous systems based on cellulose acetate, polyvinylpyrrolidone, and
hydroxypropylmethylcellulose. The electrospun nanofiber mats that were inserted

42




Electrospinning and Drug Delivery
DOI: http://dx.doi.org/10.5772/intechopen.86181

in hard gelatin capsules exhibited variable release profiles in the gastric-like flu-
ids, ranging from 30 to 120 min, while the electrospun nanofiber mats that were
inserted in DRcaps™ capsules released melatonin at a slower pace [51]. In another
study, nanofibers of cellulose acetate and polyvinylpyrrolidone loaded with mela-
tonin were prepared and compressed at various pressures into monolayered tablets.
The nanofiber mats were then incorporated into three-layered tablets, containing in
the upper and lower layer combinations of lactose monohydrate and hydroxypro-
pylmethylcellulose, as modifying accessories, and their in vitro dissolution profiles
have showed promising results in modified per oral drug delivery [52].

3.2 Electrospinning in delayed per oral drug delivery

Besides controlled drug release, researchers have investigated electrospun
nanofibers as oral delivery systems for delayed release systems. In a study, both
fast dissolving and sustained release drug delivery systems comprising mebeverine
hydrochloride embedded in either povidone K60 or Eudragit RL 100-55 nanofibers
have been prepared by electrospinning. The iz vitro dissolution tests of the povidone
K60 fiber mats revealed dissolution within 10 s, while the Eudragit fibers revealed
pH-dependent drug release profiles, with only very limited release at pH 2.0, but
sustained release over approximately 8 h at pH 6.8. As a result, it can be stated that
the Eudragit nanofibers have the potential to be developed as oral drug delivery
systems for localized drug release in the intestinal tract, whereas the povidone mate-
rials may find application as buccal delivery systems or suppositories [53]. Various
researchers have synthesized gelatin nanofibers by electrospinning, using piperine
as a hydrophobic model drug. The electrospun gelatin nanofibers were cross-linked
by exposing to saturated glutaraldehyde vapor, to improve their water-resistive
properties. The results illustrated good compatibility of the hydrophobic drug in
gelatin nanofibers with promising controlled drug release patterns by varying cross-
linking time and the pH of the release medium [54]. In another scientific report,
a solvent-based electrospinning method was used to prepare nanofiber-based
capsules including drugs (uranine was used as a water-soluble drug and nifedipine
as a water-insoluble drug) for controlled release delivery systems using methacrylic
acid copolymer as a polymer. The iz vitro release of uranine or nifedipine from the
nanofiber-packed capsules and milled powder of nanofiber-packed capsules showed
controlled release of uranine or nifedipine, as compared to capsules of a physical
mixture of methacrylic acid copolymer and each drug. The iz vivo pharmacoki-
netic evaluation in rats, after intraduodenal administration of nanofiber-packed
capsules or milled powder of nanofiber-packed capsules including uranine and/or
nifedipine, clearly demonstrated that the application of the nanofibrotic technique,
as a drug delivery system, offers drastic changes in pharmacokinetic profiles for
both water-soluble and water-insoluble drugs [55]. Furthermore, nanofibers made
from methacrylic acid copolymer S, containing acetaminophen, were prepared
using a solvent-based electrospinning method. The in vitro dissolution rate profiles
of acetaminophen showed that the tablets based on methacrylic acid copolymer S
nanofibers did not disintegrate in the intestine in the lower pH region and could
regulate the drug release in a pH-dependent manner [56].

3.3 Electrospinning in colon-targeted per oral drug delivery
In addition to the previously described drug delivery systems, many scientists
have demonstrated that the electrospinning method could be regarded as a modern

approach for the preparation of colon drug delivery systems leading to market-
able products. Eudragit L 100-55 nanofibers loaded with diclofenac sodium were
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successfully prepared using an electrospinning process. Iz vitro dissolution tests veri-
fied that all the drug-loaded Eudragit L 100-55 nanofibers had pH-dependent drug
release profiles, with limited release at pH 1.0, but a sustained and complete release
at pH 6.8, indicating the potential of oral colon-targeted drug delivery systems
development [57]. Researchers prepared medicated shellac nanofibers providing
colon-specific sustained release of ferulic acid using coaxial electrospinning. The

in vitro dissolution tests demonstrated that there was minimal ferulic acid release at
pH 2.0, and sustained release in a neutral dissolution medium [58]. Another group
of researchers have prepared electrospun nanofibers of indomethacin aimed for
colon delivery using Eudragit S and Eudragit RS as polymers. It was shown that the
ratio of drug:polymer and polymer:polymer were pivotal factors to control the drug
release from nanofibers. A formulation containing Eudragit S:Eudragit RS (60:40)
and drug:polymer ratio of 3:5 exhibited the most appropriate drug release, as a colon
delivery system with a minor release at pH 1.2, 6.4, and 6.8 and a major release at pH
74 [59]. Electrospun nanofibers were also successfully prepared using indomethacin
as a drug and Eudragit RS100 and S100 as polymers for colonic drug delivery [60].
Moreover, celecoxib-loaded electrospun nanofibers were developed using a com-
bination of time-dependent polymers with pectin to achieve colon-specific drug
delivery systems. The drug release was limited in the acidic media; while, in the
simulated colonic media, it was higher from formulations containing the excipient
pectin [61]. Likewise, electrospun fibers loaded with budesonide were prepared with
the aim of controlling its release in the gastrointestinal tract using Eudragit RS 100, a
polymer soluble at pH > 7, commonly used for enteric release of drugs. The dissolu-
tion rate measurements using a pH-change method showed low drug dissolution at
pH 1.0 and sustained release at pH 7.2, representing an effective method for drug
targeting to terminal ileum and colon with the aim of improving the local efficacy of
budesonide for the treatment of some inflammatory bowel diseases [62]. Researchers
have developed a novel core-shell-structured nanofilm for colon delivery by coaxial
electrospinning using bovine serum albumin as protein model. First, the protein-
loaded chitosan nanoparticle was prepared by ionic gelation, and then, the coaxial
nanofilm was fabricated using alginate as shell layer and the protein-loaded chitosan
nanoparticle as core layer. The protein release in different simulated digestive fluids
revealed that the electrospun nanofilm is a promising colon-specific delivery system
for bioactive proteins [63]. Another group of scientists reported in their work that
the pH-responsive drug delivery systems could mediate drug releasing rate by chang-
ing the pH values at specific times as per the pathophysiological need of the disease.
Their study demonstrated that a mussel-inspired protein polydopamine coating

can tune the loading and releasing rate of charged molecules from electrospun
poly(e-caprolactone) nanofibers in solutions with different pH values. The in vitro
release profiles showed that the positively charged molecules led to a significantly
faster release in acidic than in neutral and basic media, while the results of special-
ized assays showed that the media containing doxorubicin released in solutions at
low pH values could kill a significantly higher number of cells than those released

in solutions at higher pH values. The pH-responsive drug delivery systems based on
polydopamine-coated poly(e-caprolactone) nanofibers could have potential applica-
tion in the oral delivery of anticancer drugs for treating gastric cancer and in vaginal
delivery of antiviral or anti-inflammatory drugs, which could raise their efficacy,
deliver them to the specific site, and minimize their toxicity [64].

3.4 Electrospinning in biphasic and dual per oral drug delivery

More to the point of modified drug delivery systems, researchers have designed
and fabricated nanostructures using electrospinning for providing biphasic drug
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release profiles. A research work investigated the biphasic release profile of keto-
profen of core/sheath nanofibers prepared using as polymers polyvinylpyrrolidone
for the sheath and ethyl cellulose for the core matrix by coaxial electrospinning.
The in vitro dissolution tests showed that the nanofibers produced could provide
a biphasic drug release profile consisting of an immediate and a sustained release
[65]. In another work, core-sheath nanofibers were also prepared using ketoprofen
as a model drug, and polyvinylpyrrolidone and zein as the sheath polymer and core
matrix excipient, respectively, by coaxial electrospinning. The in vitro dissolution
tests showed that the nanofibers could provide an immediate release of 42.3% of the
drug followed by a sustained release over 10 h of the remaining drug [66]. Other
researchers have used simple sequential electrospinning to create a triple layered
nanofiber mesh with biphasic drug release behavior. The mesh was composed of
zein and polyvinylpyrrolidone as the top/bottom and middle layers, respectively.
Ketoprofen was used as a model drug, and polyvinylpyrrolidone was blended with
graphene oxide to improve the drug release functionality of the nanofiber as well
as its mechanical properties. The in vitro release tests demonstrated time-regulated
biphasic drug release [67]. In another study, gelatin-ciprofloxacin nanofibers
containing various amounts of ciprofloxacin were fabricated on the surface of
Mg-Ca alloy via an electrospinning process. Prolonged drug release was attained
from gelatin-ciprofloxacin nanofibers coating along with initial rapid drug release
of around 20-22% during 12 h, followed by a slow release stage that can effectively
control the infection [68]. Moreover, resveratrol (a promising natural substance
for periodontal disease treatment due to its anti-inflammatory and antioxida-
tive effects) was successfully incorporated into polycaprolactone-nanofibers and
enabled a biphasic-release kinetic pattern [69]. In a recent study, it was demon-
strated that the production of core-shell fibers via modified coaxial electrospinning
achieved controlled release of ampicillin-loaded polycaprolactone nanofibers
covered by a polycaprolactone shield. The in vitro release studies showed that the
drug release kinetics of core-shell products is closer to zero-order kinetics, while the
drug release kinetics of single electrospinning of the core resulted with burst release
[70]. Scientists have also used piroxicam as a low-dose, poorly soluble drug and
hydroxypropyl methylcellulose as an amorphous-state stabilizing carrier polymer in
nanofibers to produce biphasic-release drug delivery systems [71].

Dual drug delivery systems have also been successfully developed by researchers.
In a recent study, aceclofenac/pantoprazole-loaded zein/Eudragit S 100 nanofibers
were developed using a single nozzle electrospinning process. The in vitro release
studies ensured the efficiency of the nanofibers in sustaining the release of both
drugs up to 8 h, while the iz vivo experiments confirmed that the co-administration
of pantoprazole and aceclofenac reduced the gastrointestinal toxicity induced by
nonsteroidal anti-inflammatory drugs [72].

4, Conclusions

The fabrication of electrospun ultrafine fiber meshes from biodegradable
and biocompatible polymers has opened new horizons in the biomedical field.
Electrospinning, being a simple, highly versatile, and robust technique for the
production of fibers with diameters from submicron down to nanometer scale,
could provide a useful method for the development of novel drug carriers capable of
affecting the drugs’ modified release. By careful selection of polymers, it is now pos-
sible to deliver drugs, with diverse stereoelectronic and physicochemical properties,
in a required manner using electrospun nanofibers. Mutatis mutandsis, in order to
make further progress in the drug delivery field, it is necessary to identify ways that

45



Electrospinning and Electrospraying - Techniques and Applications

will allow fabrication of nanofibers with the desired morphological and mechanical
properties in a reproducible manner. Thus, organic solvent mixtures, drug content,
and electrospinning parameters, which will influence nanofiber properties, such as
morphology, applicability, and quality, are currently under intense investigation.
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Chapter 3

Preparation, Characterization,
and Applications of Electrospun
Carbon Nanofibers and Its
Composites

Mayakrishnan Gopiraman and Ick Soo Kim

Abstract

Carbon nanofibers (CNFs) and its composites have gained vast attention due
to its exceptional chemical and textural properties. So far, various multifunctional
carbon nanofibers and its composites are developed with highly unique and tun-
able morphology. In this chapter, we reviewed unique fabrication methods that are
recently reported and its characterization techniques such as SEM, FE-SEM, TEM,
WAXD, XPS, AFM, and Raman. In addition, catalytic, energy, and environmental
applications of carbon nanofiber composites (metals and/or metal oxide nanopar-
ticles incorporated and/or decorated hybrid carbon nanofibers) are discussed.
Preparation and characterization of electrospun carbon nanofiber composites and
its applications in catalysis and energy storage are the main focus of this chapter.

Keywords: electrospinning, carbon nanofibers, hollow structures, composites,
catalysis

1. Introduction

Carbon nanofibers have received growing interests due to their unique chemical
and physical properties, depending upon their size, surface area, and shape [1, 2].
Indeed the attractive structural, electrical, and mechanical properties of carbon
nanotubes (CNTs) make it an ideal supporting material for various applications.
Particularly, the CNTs can be used as an efficient support for the decoration of cata-
lytic active materials. Carbon nanofibers (CNFs) also have the similar physicochemi-
cal properties to CNTs and the diameter varying from some tens of nanometers to
500 nm [3] and are also suitable to be used as catalyst support. Electrospinning is a
very simple but powerful method for the fabrication of high-quality carbon nanofi-
bers [4]. In general, the CNFs with sub-micrometer diameters as well as some tens of
nanometers to 500 nm are prepared by carbonization of electrospun polymer nanofi-
bers under inert atmosphere at high temperature [5]. Undoubtedly, polyacrylonitrile
(PAN) is a well-known and efficient precursor for the fabrication of carbon fibers
[6]; therefore, several attempts were made to prepare the electrospun-derived carbon
nanofibers from PAN [7]. Several approaches, including wet-chemical synthesis [8, 9],
electrodeposition [10, 11], and dry synthesis [12-20], are developed to obtain various
multifunctional active materials loaded with carbon nanocomposites. By using these
techniques, various types of metal or metal oxide nanoparticles (NPs), such as Au,
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Co, Ru, Pt, Pd, Ag, Co, Rh, Ti and Cu, have been decorated or immobilized on/

into the carbon nanofibers. These metal NP-supported CNF nanocomposites have
shown great promises in catalysis [21], fuel cells [22], and highly sensitive chemical/
biological sensing applications [23, 24]. In particularly, the CNF composites showed
excellent results in various catalytic systems such as in photocatalytic activity [25, 26],
water gas shift reactions (WGS) [27], enzyme immobilization or biocatalysts

[28, 29], and direct oxidation of alcohols [30]. So far, TiO,-deposited CNFs have
gained much attention in the photocatalytic reactions, and a considerable number

of reports are available in the literature. Alike, Pd NP-supported CNFs are often
preferred for the catalytic organic conversions such as hydrogenation reaction [31]
and Heck coupling reaction [8]. It is proven that the CNFs are one of the highly suit-
able supports for the decoration of Pd NPs and the resultant Pd/CNF composite often
demonstrated an enhanced catalytic activity [32]. In fact, the unique structure, high
conductivity, huge surface area, and chemical inertness of CNFs often help to obtain
high dispersion of metal nanoparticles on CNFs. Most of the Pd NP-supported CNFs
showed better activity than the conventional Pd/C catalysts [8, 33].

In this chapter, we discussed the preparation and characterization of electrospun
carbon fibers and its composites. The contributions of CNF composites in various
catalytic systems (such as photocatalytic activity, water gas shift reactions (WGS),
enzyme immobilization or biocatalysts, and direct oxidation of alcohols) are also
discussed in detail.

2. Preparation and characterization of carbon nanofiber composites
2.1 Electrospun carbon nanofibers

Electrospinning is a straightforward method to obtain the nanofibers. Figure 1
shows the fundamental electrospinning setup and the list of important parameters
to be controlled. The nanofibers can be produced by applying high voltage to a
polymer solution which could create electrostatically repulsive force and an electric
field between two electrodes, so that the nanofibers can be formed [34]. Obviously,
the formation of nanofibers is highly dependent on the viscosity and electric
conductivity of the polymeric fluids, humidity, and applied voltage [35]. To date,

Positive

Electrode

Copper Wire Solution Properties

Concentration
Viscosity
Electrical conductivity
Surface tensfon
Dielectric properties

Charged fiber . Controlled Variables
Electrical field strength
Fluid flow rate

Ratating Metallic Collector Tip to Plate Distance

Syringe

Polymer—"

Taybor cone Nanofibers Ambient Parameters

Humidity and Temperature

Straight jet

Figure 1.
Scheme of fundamental setup for electrospinning and electrospinning parameters.
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over 100 kinds of polymers have been employed to produce their nanofibers via
electrospinning. However, a very limited number of polymers such as polyacryloni-
trile (PAN), polyimide (PI), poly(vinyl alcohol) (PVA), poly(vinylidene fluoride)
(PVDF), cellulose acetate, and pitch have been successfully used to obtain carbon
nanofibers [36]. The carbon nanofibers are often characterized by various tech-
niques. Scanning electron microscope (SEM) is one of the very common methods
to characterize the CNFs. The surface morphology, particularly the fiber diameter,
uniformity, and surface smoothness are often studied by SEM analysis. Alike,
transmission electron microscopy (TEM) and atomic force microscopy (AFM) are
also employed for the detail surface analysis. The crystalline and amorphous nature
of the CNFs is often investigated by means of X-ray diffraction (XRD) analysis.
Raman spectroscope is a very useful technique for the analysis of G-band and
D-band of CNFs. X-ray photoemission spectroscopy (XPS) was also effectively used
to analyze the CNFs. The specific surface area and textural properties such as pore
volume and pore size of CNFs are evaluated by using the Brunauer-Emmett-Teller
(BET) method.

Kim et al. [37] prepared CNFs via electrospinning by using PVA and DMF as
precursor and solvent, respectively. In a typical preparation method, PVA was
dissolved in DMF and the polymer mixture was electrospun. In the first step,
the resultant nanofiber webs were oxidatively stabilized at 280°C under air flow
(heating at 1°C/min). Then the stabilized nanofiber web was activated by steam
resulting in activated carbon nanofibers. The stabilized nanofiber webs were heated
atarate of 5°C/min up to 700, 750, and 800°C and activated for 30 min by supply-
ing 30 vol.% of steam in a carrier gas of N,. They confirmed that the resultant CNFs
have well-developed mesopores and the CNFs demonstrated excellent specific
capacitance (173 F/g at 10 mA/g).

Kuzmenko and co-workers [38] prepared nitrogen-doped carbon nanofibrous
mats from regenerated cellulose impregnated with ammonium chloride. The
ammonium chloride provided the thermal stabilization of incompletely regenerated
cellulose fibers. In a typical preparation, cellulose acetate solution was prepared
in acetone/DMAc mixture which was subsequently electrospun. The voltage was
25 kV, distance between needle and collector was 25 cm, and the process was per-
formed at temperature around 20 + 2°C and relative humidity 45-60%. Aluminum
foil was used for collecting the nanofibers. The prepared cellulose acetate nanofi-
bers were deacetylated by using dilute NaOH solution. Then the regenerated cel-
lulose webs were impregnated with NH,Cl by immersion in 0.3 M aqueous solution
of NH,Cl for 24 h at 20 + 2°C. The NH,Cl-treated regenerated cellulose samples
were carbonized in a quartz tube furnace for general annealing in N; flow (1 L/min)
by heating up to 800°C with the heating rate of 5°C/min. Figure 2 shows the SEM
images of the CNFs synthesized from the regenerated cellulose [38].

2.2 Porous carbon nanofibers with hollow cores

Kim et al. [39] successfully prepared porous CNFs with hollow cores through
the thermal treatment of electrospun copolymeric nanofiber webs. Figure 3 shows
the schematic diagram for producing porous CNFs with hollow cores. For the
preparation of pores CNFs with hollow cores, PAN and poly(methyl methacry-
late) (PMMA) polymers were chosen. The PAN is a widely used precursor for the
preparation of CNFs, and the PMMA can be thermally decomposed at elevated
temperatures. Dissolving these two polymers (PAN and PMMA) in a solvent
would create phase separation [continuous phase (sea) changes into pore walls
(or skeletons of nanofibers) and the discontinuous phase (islands) changes into
many hollow pores], which results in the sea-islands feature. It is well known that

55



Electrospinning and Electrospraying - Techniques and Applications

Figure 2.
(a-f) SEM images of the CNEs synthesized from the differently regenevated cellulose with additional NH,Cl
impregnation [38].
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Figure 3.

Schematic diagram for the preparation of porous CNFs with hollow coves. (a) Preparation of stable polymer
solutions from two separate phases; nanoscale phase separation occurs due to their different molecular weights;
PMMA forms the discontinuous phase and PAN forms the continuous phase; (b) nanofiber formation (with
two phases) by electrospinning; (c) removal of the PMMA phase at elevated temperatures [39].

the low-surface-tension polymer (PAN) would occupy the continuous phase of

the solution (sea), while the high-surface-tension polymer (PMMA) forms the
discontinuous phase (islands). In fact the two separate phases are due to the intrinsic
properties (e.g., interfacial tension, viscosity, elasticity) of the polymers [40]. The
electrospinning technique was used to obtain the PAN/PMMA nanofibers contain-
ing two separate phases. The thermal treatment of PAN/PAMM nanofibers at over
1000°C would eventually form the porous carbon nanofibers with hollow cores. The
complete removal of PMMA phase and the transformation continuous PAN phase
would result in the formation of porous CNFs with hollow cores (Figure 4).

Highly flexible N- and O-containing porous ultrafine CNFs were prepared by
Wei and co-workers [41]. The ultrafine porous CNFs were obtained by simply vary-
ing the PAN/PMMA ratios (10/0, 7:3, 5:5, and 3:7). Briefly, PAN/PMMA solutions
with different ratios (10:0, 7:3, 5:5, and 3:7) are prepared in DMF. For better disper-
sion, the PAN/PMMA solution was sonicated followed by stirring at 60°C for 2 h.
The polymer blend was electrospun under an electric field of 9kV at a tip-to-collector
distance of 15cm. The resultant electrospun PAN/PMMA nanofibers were stabilized
under air flow at 300°C with the heating rate of 1°C/min for 1h. Subsequently, the
stabilized nanofibers were carbonized under N, atmosphere at 900°C with heating
rate of 5°C/min for 1h. It was proven that the increasing the ratio of PMMA would
result in the formation of ultrafine CNFs. Figure 5 shows the FE-SEM images of
CNFs; CNFs, 7:3; CNFs, 5:5; and #-CNFs, 7:3. The FE-SEM images show that the
morphology of CNFs is homogeneous, continuous, and a typical cylindrical shape.
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Figure 4.
(a—c) Cross-sectional TEM images of CNFs thermally treated at 2800°C [PAN:PMMA (a) 5:5, (b) 7:3, and
(¢) 9:1] and (d) TEM image of CNFs showing structurally developed core walls after thermal treatment [39].

Figures.
FE-SEM images of electrospun PAN/PMMA nanofibers with different mixing ratios. (a) CNFs; (b) PAN/
PMMA, 7:3; (c) PAN/PMMA, 5:5; and (d) PAN/PMMA, 3:7 [41].

The FE-SEM images of CNFs, 7:3, and CNFs, 5:5, showed that the CNFs have several
hollow cores along the fiber axis. Notably, the morphology of the u-CNFs (3:7)
was completely changed. The morphology of CNFs (3:7) fibers was homogenous,
continuous, and a cylindrical shape with an average diameter of ~50 nm. In fact,
the complete decomposition of PMMA during the thermal treatment is the main
reason. The BET specific surface area of the u-CNFs-3,7 was determined to be
467.57m’/g and pore volume of 1.15cm’ g~" and an average pore size of 9.48 nm.
Chang et al. [42] introduced a novel technique of centrifuged-electrospinning
for the preparation of ultrathin carbon fibers. Figure 6 shows the preparation dia-
gram of the ultrathin porous CNFs by centrifuged-electrospinning. In a typical pro-
cedure, PAN/PMMA polymer blend was prepared in DMF at different weight ratios
of 80/20 (PAN80/PMMA?20) and 10/90 (PAN10/PMMA90). The polymer blends
were used for the preparation of PAN/PMMA nanofibers by centrifuged electro-
spinning. The centrifuged-electrospinning conditions were as follows: an applied
positive voltage of 45 kV,, a three-phase induction motor spinning at 4000 rpm, a
syringe feed rate of 1.5 mL/min, and a stainless steel ring with a diameter of 50 cm
as the collector. Finally, the resultant PAN/PMMA nanofibers were stabilized at
280°C for 2 h at a heating rate 0.5°C/min in air atmosphere and then carbonized at
800°C for 4 h under argon atmosphere at a heating rate of 5°C/min. Figure 6 (b, c,
and d) shows the TEM images of ultrathin micro-/mesoporous CNFs.
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(a) Schematic diagram for the preparation of ultrathin micro-/mesoporous CNFs by centrifuged-
electrospinning followed by carbonization and (b, c, and d) TEM images of ultrathin micro-/mesoporous
CNFs [42].

2.3 Carbon nanofiber composites

Recently, preparation of metal oxide-supported carbon nanofiber composites
via electrospinning has been extensively studied. The carbon nanocomposites are
used in various applications such as energy conversion and storage, capacitive
deionization, catalysis, adsorption/separation, and in the field of biomedicine. In
order to achieve higher activity, various synthetic routes were developed to achieve
porous carbon nanofibers composites with high surface area and tunable pore size
distribution. Most of the preparation methods involve carbonization process at
elevated temperatures of typically above 1200°C. So far, various metal or metal
oxide nanoparticle (Pd, Pt, Ti, Ag, Au, Cu, Ni, Zn, and Ru)-supported CNF nano-
composites were reported [21, 43].

Atchison et al. [44] prepared metal carbide-supported carbon nanocomposites
through carbothermal reduction process. Zirconium carbide/carbon nanocomposite
(ZrC/C), titanium carbide/carbon nanocomposite (TiC/C), and niobium carbide/
carbon nanocomposite (NbC/C) were prepared by electrospinning followed by
carbothermal reduction at elevated temperatures. Cellulose acetate and PVP were
used as precursor.

Chen et al. [45] prepared Pd nanoparticle-supported carbon nanofibers (Pd-NP/
CEPFs: Pd-NP/CEPFs) through the electrospinning process. Shortly, electros-
pinning solution was prepared by using 10 wt% PAN and 3.3 wt% Pd(OAc); in
DMF. The electrospinning process was performed in an electric field of 30 kV and
the tip-to-collector distance of 30 cm. Then the electrospun PAN/Pd(OAc), nano-
fiber involved three steps as follows: (1) 210°C annealing for 1 h under air flow for
the oxidation of PAN, (2) heating up to 400°C at a rate of 5°C/min and annealing
for 2 hin H, and Ar mixture (H,/Ar = 1/3) atmosphere for the reduction of pd*,
and (3) heating up to 550°C at a rate of 5°C/min and annealing for 1 h in Ar for the
formation of metal nanoparticles on/in the carbonized nanofibers (Figure 7).

Zhang et al. [46] obtained AgNP-immobilized carbon nanocomposite by a
two-step preparation: electrospinning followed by the hydrothermal growth of the
AgNPs on the CNFs (Figure 8). In a typical procedure, the electrospinning solution
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A

Figure7.
TEM images of PA-NP/CENFs. (A) Lower magnification; (B) higher magnification [45].
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Figure 8.
TEM images of sample (A) CNFs and (B) CNFs/AgNPs, (C) HRTEM images of CNFs/AgNPs, and (E) XRD
patterns of CNFs/AgNPs and CNFs.

of PAN was prepared in DMF, and it was electrospun at an applied electric voltage
of 10 kV. The PAN nanofibers were then stabilized under air flow at 270°C for 1 h
and subsequently carbonized under N, atmosphere at 1000°C for 1 h at the rate

of 5°C/min. After the preparation of CNFs from PAN nanofibers, the CNFs were
treated with HNO;, centrifuged, and washed with water for several times. Finally
an aqueous mixture of glucose, Ag(NH;),0H, and CNFs was stirred for 5 min. After
being stirred for more than 5 min, the mixture was transferred into a Teflon-lined
autoclave, and it was sealed in a stainless steel tank and heated at 180°C for 3 h.
Finally the AgNP-immobilized CNFs (Ag/CNFs) were obtained.

Yu and co-workers [47] prepared electrospun Ag/g-C;N4-loaded composite
carbon nanofibers (Ag/g-C;N,/CNFs) through combing the electrospinning tech-
nology and carbonization treatment. The microstructure of Ag/g-C;N,/CNFs was
characterized by XRD, FE-SEM, EDS, TEM, and XPS.

Ghouri et al. [48] achieved Co/CeO,-decorated carbon nanofibers (Co/CeO,/
CNFs) by calcination of electrospun nanofibers composed of cerium (III) acetate
hydrate, cobalt (II) acetate tetrahydrate, and poly(vinyl alcohol) in nitrogen envi-
ronment at 700°C. PVA was used as carbon source due to its high carbon content. In
a typical preparation, CoAc and CeAc aqueous solutions were prepared in distilled
water. The resultant aqueous solutions were mixed with PVA aqueous solution.
After stirring for 6 h, the mixture was electrospun at high voltage of 22 kV using DC
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power supply at room temperature with 65% relative humidity. The tip-to-collector
distance of 22 cm was fixed. Finally, the dried nanofiber mats were calcined at
700°C for 6 h in N, flow with a heating rate of 2.0°C/min. The physicochemical
properties of the Co/CeO,/CNFs were characterized by XRD, FE-SEM, EDS, TEM,
XPS, and Raman.

The utilization of noble metals in green technologies has garnered an increas-
ing level of research interest. Particularly, the Pt-based nanocomposites are often
preferred as the anode because of their excellent performance in catalyzing the
dehydrogenation of methanol. For example, Formo et al. [49] achieved Pt nano-
structure-supported CNF nanofibers through electrospinning followed by calcina-
tion in air at 510°C for 6 h.

3. Applications of carbon nanofiber composites

Electrospun carbon nanofibers have proven to be efficient catalytic supports
owing to the high porosity and large surface areas. The high porosity in a nonwoven
mat of nanofibers enables direct growth of catalytic nanostructures. Till date, there
are number of applications found for the electrospun carbon nanofibers and its
composites.

3.1 Carbon nanocomposites in organic transformations

Owing to high surface area, porosity, stability, metal-support interaction,
smaller particle size, and high dispersion in reaction medium, the metal nanopar-
ticle-supported carbon nanocomposites demonstrated excellent activity in organic
reactions. They can be highly reusable due its stability which is one of the hallmarks
of the carbon nanocomposites.

Palladium-catalyzed Sonogashira coupling reaction is the most straightforward
and powerful method used for the construction of C(sp,)-C(sp) bond, drugs, and
polymeric materials [50]. The conventional protocols of the Sonogashira reactions
are carried out in the homogeneous phase, using soluble palladium (Pd) composites
such as Pd(PPhs) 4, Pd(PPh;),Cl,, and Pd(OAc), as catalysts in the presence of Cul
as co-catalyst. Even with the high reaction rate and high turnover numbers, homo-
geneous catalysis has a number of disadvantages, in particular the lack of reuse of
the catalyst. Chen et al. [45] developed Pd-supported CNF catalytic system for the
Sonogashira reaction. Figure 9 shows Pd-NP/CENF catalyzed Sonogashira reaction
of iodobenzene and phenylacetylene in liquid phase. The catalyst showed superior
catalytic activity toward the Sonogashira reaction. In addition, the catalyst was
found to be highly reusable, at least for 10 runs without any significant loss in its
catalytic activity.

Alike, electrospun Ag/g-C;N4-loaded composite carbon nanofibers (Ag/g-CsN,/
CNFs) were used for the conversion of 4-nitrophenol to 4-aminophenol and ben-
zylamine to N-benzylbenzaldimine [44]. The Ag/g-C;N,/CNFs offered the signifi-
cant advantages, such as low catalyst use, high activity, easy recycling, and excellent
stability. In fact, the synergistic effect between catalytic activity of Ag nanoparticles

Fh {jﬁ:\ Pd-NPs/CENFs P f_:}
X " — = : y P
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Figure 9.

The Sonogashira reaction equation of iodobenzene and phenylacetylene in liquid phase catalyzed by Pd-NP-
supported CNFs [45].
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(NPs) and g-C3N, and excellent adsorption capacity of carbon nanofibers are the
main reason for the excellent catalytic activity.

3.2 Carbon nanocomposites in catalytic reduction of 4-nitrophenol

Catalytic transformation of 4-nitrophenol to 4-aminophenol is one of the very
significant reactions in green chemistry [51]. It is well known that the nitro-
phenols are harmful to the environment, and therefore the US Environmental
Protection Agency has listed it as 114th organic pollutant [52]. In recent days,
catalytic conversion of nitrophenols to aminophenols is widely studied. In fact,
the catalytic product, aminophenols, can be used as an excellent intermedi-
ate in synthesizing various drugs and reducing agent. The 4-nitrophenols are
often employed as a photographic developer, corrosion inhibitor, anticorrosion
lubricant, and hair-dyeing agent [53]. Although the reaction is very simple,
greener, and most efficient, the reaction without metal catalysts is not achiev-
able. To perform this reaction, various metal catalysts (based on graphene oxide,
silica, alumina, activated carbon, CNTs, fullerenes, and so on) are developed
and proven to be an excellent candidate for the reduction of 4-nitrophenols to
4-aminophenol. For example, RGO-ZnWO,-Fe;0,, AgNPs-rGO, PdNiP/RGO, and
NiNPs/silica are reported for the reduction of nitrophenol [20].

Carbon nanofibers/silver nanoparticle (CNFs/AgNPs) composite nanofibers
were used for the reduction of 4-nitrophenol (4-NP) with NaBH, [46]. The reaction
was tracked by time-dependent UV-visible spectroscopy (Figure 10). It was found
that the CNF/AgNP composite demonstrated an excellent catalytic activity in the
reduction of 4-nitrophenol. The catalytic efficiency was found to be enhanced with
the increasing of the content of silver on the CNF/AgNP catalyst. Reaction kinetic
was studied for the CNF/AgNP reduction of 4-nitrophenol. It was reported that the
rate constant of 6.2 x 107 s ™" was determined for the reduction of 4-nitrophenol
over CNF/AgNP catalyst. The excellent active might be attributed to the high sur-
face areas of Ag NPs and synergistic effect on delivery of electrons between CNFs
and AgNPs. The CNF/AgNP composite nanofibers can be easily recycled and reused
without any significant loss in its catalytic activity.

3.3 Carbon nanofiber composites in energy applications
Due to the excellent properties such as high surface area, conductivity, and poros-

ity, the CNF-based nanocomposites are widely used for the energy applications.
Without a doubt, the development of electrochemical energy storage systems (EES)

Timse {rmin}

Figure 10.

Catalytic evolution of CNFs/AgNPs. (a) UV-vis absorption spectra during the veduction of 4-nitrophenol over
CNFs/AgNPs; (b) In(C/C,) and C/C, vs. reaction time for the reduction of 4-nitrophenol, So = fresh CNFs,

S1 = CNFs/AgNPs, and S2 = CNFs/AgNPs; (c) proposed mechanism of the catalytic reduction of 4-nitrophenol
with the CNF/AgNP composite nanofibers [46].
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Figure 11.
(a) Cyclic voltammetry results for the ultrafine CNFs at different scan rates in 1.0 mol/L H,SO,, and;
(b) specific capacitance for the u-CNFs (3:7) and CNFs at diffevent scan rates in 1.0 mol/L H,SO,.

is largely focused due to its vital demand for clean and sustainable energy. Mainly
three types of devices are very important and most commercialized energy storage
systems such as batteries, electrochemical capacitors (ECs), and fuel cells [54].

The ultrafine CNFs prepared via electrospinning of PAN/PMMA blend followed
by thermal treatment in inert atmosphere were used as a flexible electrode material
for the supercapacitor applications [41]. Figure 11 shows the cyclic voltammetry
results for the ultrafine CNFs at different scan rates in 1.0 mol/L H,SO, and spe-
cific capacitance for the ultrafine CNFs at different scan rates in 1.0 mol/L H,SO,.
The ultrafine CNFs demonstrated an enhanced specific capacitance of 86 F g™
in 1 mol/L H,SO,. Being a flexible electrode material, this is the highest specific
capacitance for the CNFs reported so far. The excellent specific capacitance of
ultrafine CNFs is due to its unique properties. The results proved that the fiber
diameter of ultrafine CNFs was about 50 nm. The XPS and Raman studies con-
firmed the presence of N and O in the form of various functional groups such as
pyridinic, benzenoid amine, graphitic N, and N-oxides. High specific surface area
of 467.57 rn2/g with an excellent pore volume (1.15 cm? g_l) and pore size (9.48 nm)
was determined for the ultrafine CNFs. The BET results confirmed the intercon-
nected micro-/meso-/macropores on the surface of the ultrafine CNFs.

The Pt nanostructure-supported CNF nanocomposite was employed for the direct
oxidation of methanol [49]. It was found that the Pt nanostructure-supported CNF
nanocomposite showed better activity than the commercial Pt/C which may be due to
the synergistic effect of the underlying anatase surface and the Pt nanostructures with
well-defined facets. Alike, Co/CeO,-decorated carbon nanofibers were developed for
the methanol oxidation [48]. The results showed that the electrocatalytic activity of
the Co/CeO,-decorated carbon nanofibers toward methanol oxidation was excellent.
Interestingly, the introduced catalyst revealed negative onset potential (50 mV vs. Ag/
AgCl) which is a superior value among the reported non-precious electrocatalyst.

4, Conclusion

Electrospinning is one of the simple and effective techniques for the fabrication
of carbon nanofiber. Certainly, metal-supported carbon nanofibers demonstrated
excellent activity in various applications such as catalysis, energy, and environ-
mental. In this chapter, we have summarized the recent progress in the research on
the preparation methods, characterization, and applications of electrospun carbon
nanofibers and its composites.
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Abstract

The production of biopharmaceutical formulation incorporates several
difficulties embracing their physical and chemical instabilities. In this study,
two drying techniques, namely, spray-drying and electrospraying, were used to
assess their application on lysozyme (as a model protein) without and with the
use of betacyclodextrin. Samples were prepared in the ratio of 1:1 w/w (protein/
betacyclodextrin), and several characterisation methods were applied to study
the percentage (%) yield, morphology of the produced partials, thermal stability
and biological activity of the protein. The results show the two drying methods
led to different particle morphology as spherical-like shape was produced by
spray-drying, while rodlike shape was generated by electrospraying with larger
particle size. Lysozyme formulations produced by electrospraying were stable
just directly after preparation, but after few weeks, those formulations showed
visible aggregates. The biological activity of lysozyme was preserved by both
drying techniques. In conclusion, both drying methods have different effects on
the protein integrity and biological activity in which spray-drying shows more
promising results.

Keywords: lysozyme, spray-drying, electrospraying, thermal stability,
biological activity

1. Introduction

The majority of the FDA-approved protein-based medicines are delivered via
conventional injection route (e.g. subcutaneous, intramuscular or intravenous).
The pharmaceutical industries are faced with one of the most significant problems
in protein manufacturing. One of the setbacks is the stability in the processing,
manufacturing and storage of these therapeutic drugs. Solid dosage forms of
therapeutic proteins could improve protein’s bioavailability and stability during
processing and storage. Various formulation techniques were applied utilising
drying process aiming to develop a stable protein formulation (e.g. spray-drying,
freeze drying, electrospraying, electrospinning, etc.). This chapter will be looking
at the stability of lysozyme as a model of protein using spray-drying technique and
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electrohydrodynamic atomisation (EHDA) also known as electrospray. Very few
publications have looked at the stability of lysozyme using EHDA technique. This
challenge has necessitated the contribution towards this area.

1.1 Proteins

Proteins are macromolecules which require their native structure to be bio-
logically active, and their conformation is very important in the development of
protein drugs. They may denature with structural changes under stress, and there
will be a loss of activities in the molecules. Examples of stresses are heat, elevated
temperature, pressure, surface adsorption and pH [1]. Proteins undergo physical
and chemical degradation; examples of physical degradation include aggregation,
precipitation and unfolding as updated in Hui et al. [2] which involves the transi-
tion of protein from its native state to an unfolded state and will follow a significant
loss in the function of a protein which generally will cause an unstable solution
during the processing, manufacturing and storage.

1.2 Structure of proteins

Proteins consist of chains or small units of amino acid also known as amino
acid polymers or building blocks [3] which contain the backbone or main chain of
repeated units with attachments of variable side chains and are linked by peptide
bonds. Each protein has a unique sequence of the side chains which determines
the characteristics of the individual chain. There is a free carboxyl terminal at the
end and a free amino terminal at the other end of every protein except for few
cyclic polypeptides. The amino acid sequence is given in order of N-terminal to the
C-terminal [4].

They are macromolecules heterogeneous in their native environment and are in
most cases unstable. The ordering sequences in amino acids are referred to as the
primary structure of protein and the secondary structure (« helix and p sheet);
these are three-dimensional elements which all have an orientation of the protein
backbone; tertiary structure is formed from secondary structural elements [5]; and
quaternary structure comprises of several subunits with tertiary structures [6]. The
configuration is determined by the native form followed by the assignment of «
helix and p sheet which produces secondary conformation as these molecules are all
linked by hydrogen bond [7].

This stability of the protein structure should include the three-dimensional state,
the folded and the tertiary state which are all required for the biological activity.
Although conformational stability is not enough rather, the protein must be able to
find the folding pathway or its state within a short time from a denatured, unfolded
conformation [8]. Folding maximises exposure of polar groups to the solvent and
minimises exposure of non-polar groups. Protein unfolding is the transition from a
native form to a denatured state [9]. When molecules are in aqueous solution, there is
an equilibrium between folded which is the native state conformation and unfolded
known as denatured. Native conformation stability is based on the relationship
thermodynamically between AS and AH and the extent of AG-Gibbs free energy
of the system. When the magnitude of AG is negative, it shows that there is a high
stability of the native conformation than the denatured state which means that the
greater the stability, the more negative is the AG. During protein unfolding, the main
critical bonds required for protein stabilization are broken. Unfolding of proteins can
take place at high temperatures, where the entropy is the main factor and the confor-
mational entropy overpowers stabilizing forces. Hence, protein unfolding takes place.
DSC takes measurement of AH of unfolding as a result of heat denaturation [10, 11].
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1.3 Stability of proteins

Stability of protein is the achievement of a balance between stabilising and
destabilising forces. The stabilising forces are caused by protein-solvent and intra-
protein interaction, while the other is caused by substantial increase in entropy of
unfolding [12].

One of the major challenges with the biopharmaceuticals is achieving protein
stability.

There are three (3) types of stability:

1. Conformational stability
2. Chemical stability
3. Colloidal stability

Conformational stability describes the ability of the protein to maintain its
native structure and be properly folded. Chemical stability is the stability among
amino acid, covalent bond and different protein domains, while colloidal stability
is the ability of the native structure of protein in a solution to avoid precipitation,
aggregation and phase separation. However, it is necessary to maintain all types of
stability during all the stages of development, processing and manufacturing.

The instability of protein necessitates the production in solid forms as solid
proteins can be crystallised and dried [13] and its administration as a drug injection
rather than through oral means like other drugs. Therefore, excipients also known
as stabilisers are introduced to preserve the state and folding reversibility of pro-
teins and reduce aggregation [14]. In effect to tackle protein degradation, necessary
precautions and measures are taken to select the appropriate formulations for any
excipients as well as the right technique for optimisation.

Proteins produced in different forms, like liquid formulations for medicines, are
injectable due to the ease of preparation and are the most preferred, in manufac-
turing as well as the end users [15]. Unfortunately, it is not convenient due to the
susceptibility of these proteins to the risk factors. This has instigated the consider-
ation of the use of excipients as earlier mentioned in a dry solid state as important.
Glass-forming agents such as saccharides, polyols and organic acids have been
studied extensively over the years to stabilise spray-dried proteins in the solid state
[16, 17]; these excipients stabilise the macromolecules by two primary mechanisms.
Usually, the glass-forming ability of these excipients preserves the structure of
proteins by trapping it in a rigid amorphous glass matrix [18, 19].

1.4 Lysozyme as a protein model

Lysozyme (1,4-p-N-acetylmuramidase) is the model of protein used in this study
because lysozyme is one of the most potent proteins containing about 129 amino
acids and has a high ionic strength. pH and the enzymes depend highly on their
tertiary structure for maintaining their biological activity [20]. Lysozyme is folded
into globular compact structure with a long cleft in the surface of the protein. The
binding of the bacterial carbohydrate chain and the cleaving take place in the active
site known as the cleft [21]; it has a molecular weight of 14.3 kDa and an isoelectric
point of 10.7.

Lysozyme can be protected against bacteria through its activity as an enzyme
as the role of an enzyme is to speed up the rate of chemical reaction in the body.
Usually, polysaccharides are found in the cell walls of the affected bacteria which
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contain amine groups (NH,) with sugar and side chains of sugar. Addition of water
molecules to the sugar linkage causes lysozyme to degrade the polysaccharide,
thereby causing it to break open. Its activity is a function of the jonic strength and
pH. It is active between a pH of 6.0 and pH 9.0. Maximum activity is observed at a
pH of 6.2 and ionic strength 0.02-0.100 M compared to 0.01-0.06 M at pH 9.2.

1.5 Drying techniques
1.5.1 Electrohydrodynamic atomisation

EHDA also known as electrospray is a drying technique used in the production of
dry powder with the help of charges. It was first observed and recorded by Williams
Gilbert in 1600 [22]. It is a process where a liquid imposes through a nozzle (which
is connected to a voltage supply) at a certain flow rate, subjecting to high potential
electric field. As a result, the meniscus is elongated to form a jet that breaks up
into droplet under electrical force influence. Particles can then be collected at a
collecting platform that is located ~20 cm under the spraying nozzle (Figure1).
Various spraying modes can be obtained depending on the strength of the electric
stress and on the kinetic energy of the liquid leaving the nozzle for nanoparticle
production. It is a well-practised technique for generating very fine droplets with
monodispersed size from the liquid under the influence of electric forces [23]. It can
achieve controlled monodispersity and morphology of particles without denatur-
ation of bioactive molecules throughout the process, and this is possible with the use
of emulsion. However, it has the potential to reduce or stop degradation of protein
drugs and offer a strict control over particle morphology and size distribution. The
principle of electrospray is based on the theory of charged droplets, ‘stating that an
electric field applied to a liquid droplet exiting a capillary is able to deform the inter-
face of the droplet’ [24]. Some literatures published state that electrospray is better
than the other drying techniques because of its advantages as it does not require a
high temperature, might use little or no emulsion also and may not need further
drying. In a study [25], lysozyme as a model protein was encapsulated within
biodegradable microparticles using coaxial electrospray and the authors concluded
that electrospray could be a promising approach to encapsulate biomolecules [25].
Bock et al. have also done a review on electrospraying of polymer with therapeutic

.

. o I High voliage
= REneTator
Srainless Steel -

Newedle

T

Syrings : ; : Y
infusion Collection plate \ . i . __

Figure 1.
Picture shows electrospray technique.
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molecules as a state of the art and have concluded also that electrospraying tech-
nique may emerge as promising in the production of particles with entrapped
therapeutic molecules that may be released as particle degradation occurs. So far,
most of the research reports for electrospraying technique using proteins were
based on using polymeric systems in order to encapsulate the protein either in
protein carriers or nano- or microcapsules. For example, Suksamran et al. [26]
successfully synthesised alginate microparticles (0.9—4 pm in diameter) with ~50%
entrapment efficiency of bovine serum albumin that raised promises for oral drug
delivery of proteins. Moreover, tristearin nanoparticles (~100-300 nm in diam-
eter) were developed to aid the delivery of angiotensin II alongside clear core-shell
particles with ~92 + 1.8% encapsulation efficiency [27]. Electrosprayed core-shell
microspheres (2-8 pym) with encapsulated bovine serum albumin as the core and an
amphiphilic biodegradable polymer (poly(e-caprolactone)-poly(aminoethyl eth-
ylene phosphate) block copolymer) as the shell for protein delivery were generated
by a single-step electrospraying. The protein release profiles of the microspheres

exhibited steady release kinetics for a period of 3 weeks without a significant initial
burst [28].

1.5.2 Spray-drying

Spray-drying is an established technology for the production of dried products
from the liquid state. This method has gained increased interest in dry power for-
mulation over the past decade, due to its potential simplicity, adaptability, scalability
and cost-effectiveness [29, 30]. It is a method that has been studied in dry powder
protein production involving the use of high temperature during the drying process.
The principle of spray-drying method relies on atomisation of a drug solution that is
pumped into a dry hot chamber in the form of droplets. By the influence of the heat,
these droplets evaporate leading to dry solids in either powder, granules or agglom-
erated particles based on the chemical and physical properties of the feed in addition
to the design of the used spray-dryer (Figure 2). One of the challenges of producing
protein formulation utilising spray-drying method is the ability to destabilise the
protein due to hot temperature and pressure during the production process com-
pared to electrospray which uses charges for drying.

Spraying Nozzle |

Cyclone Separator

! Connection part for the

| powder collection vessel

Figure 2.
Picture shows the spray-drying technique.
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Various reports documented the use of spray-drying that produced protein
formulations with high protein activity. For instance, the fabrication of uniform
trehalose microparticles immobilised with trypsin showed ~97.7 + 2.6% biological
activity using an optimal trypsin/trehalose mass ratio of 1:1 [31]. Insulin mic-
roparticles were also designed by spray-drying method to bypass deposition in the
extrathoracic region (mouth-throat). The total lung dose of >95% was achieved
indicating a high degree of lung targeting [32]. Newly developed microencapsulated
solid lipid nanoparticles containing papain (as a model protein) were prepared by
spray-drying method. Papain was adsorbed onto glyceryl dibehenate and glyceryl
tristearate solid lipid nanoparticle. The protein was found to be released from the
particles to a large extent. Moreover, protein stability was reserved throughout
spray-dried microsphere production [33].

This chapter aims to describe the effect of spray-dried and electrospray-dried
formulations on lysozyme with and without excipients using various characterisa-
tion techniques like differential scanning calorimetry (DSC) to determine the
thermal stability with lysozyme solid samples, UV-Vis spectroscopy for the enzy-
matic activity, dynamic light scattering for particle size, scanning electron micro-
scope (SEM) for morphology of the particles and high-sensitivity DSC for thermal
stability using lysozyme solutions and two drying (electrospray and spray-drying)
techniques, to dry powders for characterisation.

2. Materials and methods
2.1 Materials

Chicken egg white lysozyme in lyophilised powder (90%), ethanol, Micrococcus
lysodeikticus and betacyclodextrin were purchased from Sigma-Aldrich Chemicals
Company. Sodium phosphate monobasic anhydrous, disodium hydrogen ortho-
phosphate anhydrous and sodium chloride were obtained from Fisher Scientific
Company.

2.2 Methods
2.2.1 Preparation of spray-dried protein

Aqueous lysozyme solutions (1% w/v) were spray-dried without and with an
excipient (betacyclodextrin) via a BUCHI Mini Spray Dryer B-290. Excipients were
used at the concentrations of 1% w/v. The protein solution run through a silicone
tubing of inner diameter of 4 mm, peristaltic feed pump (35%) to an 0.5 mm diam-
eter atomising nozzle at rate of 20 ml/min and compressed air at rate of 600 1/h. Ina
glass chamber, protein solutions were sprayed at an inlet temperature of 130 + 3°C,
and outlet temperature was 73 + 4°C. To minimise the effect of heat stress on the
protein, a cooling water was distributed through a jacket around the nozzle. Spray-
dried protein powder were collected by a high-performance cyclone separator and
stored in glass vials at 3-4°C.

2.2.2 Prepavation of electrosprayed lysozyme
Lysozyme solutions (1% w/v) were prepared using (80/20 v/v) ethanol/water.
Electrosprayed formulations were prepared without and with excipients (1% w/w

of betacyclodextrin). A syringe containing 5 ml of the protein solution was attached
to a syringe infusion pump (Harvard Apparatus, Pump 11 Elite, USA) attached
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to a high-power voltage supply (Glassman High Voltage Supply, UK). The protein
solution was run through a silicone tubing attached to a stainless steel needle (inner
diameter 0.3 cm) at a flow rates of 15 pL/min. Atomised particles were collected

on microscope slides which fitted 20 cm below the tip of the nozzle. A high voltage
was used to maintain the voltage range of 9-18 kV. The electrospraying process was
conducted at ambient temperature (23°C).

2.2.3 Characterisation of spray-dried and electrosprayed lysozyme
2.2.3.1 Scanning electron microscopy

Microscopic examination of spray-dried and electrosprayed formulations was
investigated utilising scanning electron microscope (SEM) (Hitachi S3000-N
variable pressure scanning electron microscope, Japan). Around 2-3 mg of dried
lysozyme formulations were applied to a double-sided carbon tape (Agar Scientific,
Stansted, UK), fixed on an aluminium stub. The dried powder was sputter coated
with a mixture of gold/palladium using a Quorum Technology (Polaron Range)
SC760 by subjecting powder to an argon atmosphere at about 10~" mbar.

2.2.3.2 Differential scanning calorimetry (DSC)

The thermal stability of lysozyme, before and after processing, was evaluated in
the solid form using DSC Q1000M TA instrument, England. Pure indium standard
was utilised to calibrate the DSC instrument. Unprocessed, spray-dried and elec-
trosprayed formulation (2-3 mg) was sealed in a DSC aluminium pan with lids and
loaded under nitrogen at a flow rate of 50 ml/min. An empty sealed pan was used as
a reference. Pans were scanned in the range of 0-300°C at a rate of 10.0°C/min.

2.2.3.3 High-sensitivity differential scanning calorimetry (HSDSC)

High-sensitivity DSC also known as VP-DSC was used in this study to determine
the thermal behaviour and folding reversibility of lysozyme. The fresh sample 5 mg
of each formulation (1 ml 0.1 M phosphate buffer at a pH of 6.24) and reference
(0.1 M sodium phosphate buffer at a PH of 6.24) was degassed and injected into the
cells using a syringe. The sample and reference were complete for maintenance of
equal volumes, and the same amount of lysozyme was used in each run. The sample
and reference were heated between 20 and 90°C at 1°C/min under pressure. The
folding reversibility each, of the denatured protein, was evaluated by cycling tem-
perature by carrying out three scans (up scan, 20-90°C; down scan, 90-20°C; and
another up scan, 20-90°C). These engaged two or more scans at different tempera-
tures. Furthermore, before the measurement of each sample, a baseline was run by
loading both cells (sample and reference cells) with the reference; the baseline was
later subtracted from the protein thermal data using the MicroCal VP-DSC, USA. The
sample was analysed with Origin DSC analysis software by normalising the concen-
tration and excesses in heat capacity. The calorimetric enthalpy changes which is the
area under the peak (AH) and midpoint of the transition peak (T;,) were calculated.

2.2.3.4 Biological activity analysis of lysozyme
Utilising M501 Single Beam Scanning UV/Visible Spectrophotometer Camspec
(Biochrom, UK), the enzymatic activity of lysozyme was investigated by determin-

ing the hydrolysis rate of $-1,4-glycosidic linkages between N-acetylglucosamine
and N-acetylmuramic acid in bacterial cell walls. Following a procedure described
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by Haj Ahmad et al. [34], the activity of lysozyme was assessed. A 100 ml of
Micrococcus lysodeikticus suspension was prepared by adding 20 mg of the bacteria
added to 10 ml of 1% sodium chloride solution and 90 ml of potassium phosphate
buffer 0.067 M, pH 6.6. The biological reaction of lysozyme was initiated by adding
0.5 ml of protein solution (1.5 pg/ml), prepared using the same buffer, to 5 ml of the
bacterial suspension. The unit activity of the protein was monitored by measuring
the reduction rate in the absorbance at 450 nm. The biological activity of lysozyme
was assessed using the equation suggested by Shugar [35]:

Activity (units/mg) = A450 ,/min/0.001 x mg enzyme present in the mixture. (1)
2.2.3.5 Particle size distribution analysis

The particle size distribution of the dried particles was determined by dynamic
light scattering technique using the Malvern Zetasizer (Nano ZSP, Malvern
Instruments, UK). The particles were dispersed in ethanol containing 0.1% Tween
80, which was selected to achieve suitable deagglomeration. The average particle
size was measured at a scattering angle of 90° in three replicates for each sample.

®

3. Results and discussion

3.1 Determination of percentage yields for spray-dried and electrosprayed
lysozyme

Table 1 shows the percentage yield of the spray-dried and electrosprayed lysozyme
formulation collected. For spray-dried lysozyme, 29% of the preparation was achieved.
The percentage yield was higher (~53%) for spray-dried lysozyme with betacyclodex-
trin compared to the spray-dried lysozyme in the absence of excipient. The addition
of betacyclodextrin reduced the deposition of spray-dried lysozyme on the wall of the
spray-drying chamber and cyclone separator. With no significant differences, lyso-
zyme formulation produced with electrospraying produced ~30%. However, a major
reduction was noticed for electrospraying lysozyme with betacyclodextrin (~25%).
Around 30-40% of product yield is typically expected for spray-drying formula-
tions utilising benchtop spraying system [36]. Increasing the percentage yield can be
achieved by introducing polymeric excipients with high glass transition temperature in
addition to optimise the drying condition used during the spray-drying [37]. A large-
scale production is feasible in pharmaceutical industries for spray-drying formulations
by using a large scalable spray-drier that would generate the highest possible yield
[38]. This is also feasible for electrospraying by using, for example, a multi-tip emitter
to improve the potential upscale electrospraying [39]. For electrospraying technique,
the process parameters, such as feeding flow rate, voltage supply and the distance
between the tip of the nozzle and the collecting platform, would affect the physical
properties of the produced particles. It’s worth mentioning that the time consumed by
each process to generate the quantity outlined in Table 1 was significantly different.
Spray-drying process required 15-20 min for the whole sample, while more than 6 h
was consumed to finish with all of the electrosprayed sample.

3.2 Microscopic examination of spray-dried and electrosprayed protein
particles

Figure 3 and Table 1 show the SEM images and particle size of spray-dried
and electrosprayed formulations, respectively. The process of protein preparation
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Formulation Percentage Biological Tm (°C)* Apparent Mean diameter

(%) yield activity Tm (°C)>  (pm) (mean + SD)
(%)

Unprocessed 100 7432+ 0.16 199.06 14+ 0.04

lysozyme

SD lysozyme 29 90.1 7246 + 0.38 201.30 2.3+ 0.06

ESR lysozyme 30 113 7444 +0.22 22218 1.6+0.19

SD (11 w/w) 53 87.06 74.36 £ 0.26 No 27+05

lysozyme with transition

betacyclodextrin detected

ESR (1:1w/w) 25 100 7451+ 0.52 223.26 3.0+091

lysozyme with

betacyclodextrin

“For aqueous protein formulations.
bFor solid protein formulations.
SD, spray-dried; ESR, electrosprayed

Table 1.
Shows percentage (%) yield, biological activity, denaturation temperature, Tm and particle size of dried
lysozyme particles.

had a significant impact on the morphology and size of the spray-dried and elec-
trosprayed lysozyme particles. As a result, it will impact the choice of the protein
delivery system and route of drug administration. Protein particles produced by
spray-drying technique were smooth and spherical in shape (Figure 3A) with a size
of 2.3 + 0.06 um, while mainly rodlike shape particles with few spherical particles
were produced via electrospraying process (1.6 + 0.19 pm). The inclusion of
betacyclodextrin had no significant effect on the shape of electrosprayed particles
(3.0 £ 0.91 pm), while solid dimple spheres were observed for spray-dried lysozyme
with betacyclodextrin formulation (2.7 + 0.5 pm) (Figure 3). For spray-drying
process, Prinn et al. [40] suggested four categories to classify the morphology of the
spray-dried particles: (I) smooth spheres, (II) dimpled or collapsed particles, (III)
raisin like particles and (IV) highly crumpled folded particles. Accordingly, spray-
dried lysozyme without betacyclodextrin would fall into class I, and spray-dried
lysozyme with betacyclodextrin would fall into class II. The rate of drying hasa
crucial impact on the morphology of the spray-dried particles; faster drying would
result in more dimpled particles [41]. However, the spherical shape of the particles
will not guaranty a 100% biological activity as will be discussed below. Moreover, it
has been recognised that the optimal aerodynamic particle size distribution of par-
ticles intended for pulmonary delivery should be within the range of 1-5 pm [42].
Accordingly, all particles produced in this research would fit within this range and
thus are suitable for pulmonary delivery.

The electrospraying configuration used in this study consists of one conduct-
ing needle, and one voltage was applied. A stable Taylor cone usually forms at
the tip of the needle generating nearly uniform particles with distinct morphol-
ogy. The incorporated protein disperses equally with the solution (without and
with the excipient) improving the amorphous nature and bioavailability (Mehta
et al. [22]). Flow rate is highly related to the particle size of the electrosprayed
particles. It documented that larger flow rates tend to generate smaller particle
size [43]. The flow rate used in this study considered as low flow rate that might
explain the large particle size of electrosprayed lysozyme especially with beta-
cyclodextrin (Table 1, Figure 3). Also, a study conducted by Gomez et al. [44],
electrospraying of insulin, suggested reducing protein concentration in the
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Figure 3.
SEM images for (A) spray-dried lysozyme, (B) spray-dried lysozyme with betacyclodextrin, (C) electrosprayed
lysogyme and (D) electrosprayed lysozyme with betacyclodextrin.

solvent or the flow rate in order to achieve a smaller particle size. A future study
with various lysozyme concentrations and higher and lower flow rates will be
conducted. The particle morphology of protein formulations and size play a
crucial role in the aerodynamic properties and performance of aerosol applica-
tions. Smooth spherical particles are more preferred than other particle shapes
as they might result in much lower aerodynamic particle diameter in comparison
with dense particles.

3.3 Differential scanning calorimetry (DSC)

DSC determines the variation in heat flow between the protein sample and an
empty sealed pan that was used as a reference cell. Throughout a thermal event
in the protein preparation, the operation of the system will conduct heat to, or
from, the protein sample pan to maintain an equal temperature in both sample and
reference pans. Thermal profiles of unprocessed, spray-dried and electrosprayed
lysozyme formulations without excipients are presented in Figure 4. This repre-
sents the heat flow as a function of temperature and illustrates the apparent dena-
turation temperature T, values of all protein preparations (Table 1). In the DSC
thermogram scans, two endothermic peaks can be observed. The first endothermic
broad peak (~120°C) indicates that the preparations contain some amount of water
[45, 46]. The second endothermic peak around ~199°C represents the apparent
denaturation transition of the protein in which the peak maximum was considered
the apparent denaturation temperature [21].
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Figure 4.
DSC thermograms for unprocessed, spray-dried and electrosprayed lysozyme.

Spray-drying of lysozyme has improved the denaturation temperature of lyso-
zyme by about 2°C as compared with unprocessed lysozyme (Table 1). However,
this transition was not significant. The presence of betacyclodextrin within spray-
dried sample indicated an amorphous protein content as no peak was detected
around 199°C; this was in contrast with other publications which showed transition
for spray-dried lysozyme with betacyclodextrin. Around 22°C increase of the dena-
turation temperature of lysozyme was observed for electrosprayed protein without
any excipient (Table 1, Figure 4). Moreover, electrospraying of lysozyme with
betacyclodextrin led to an increase (by ~23°C) of the apparent protein denaturation
temperature compared to the unprocessed lysozyme. The results for electrospraying
formulations suggest an increase of lysozyme thermal stability as they exhibited
increase in denaturation temperatures indicating the effect of the process and the
excipient on the protein’ integrity, and this is in consistent with the biological
activity results for freshly dried protein samples.

HSDSC offers information about protein folding and stability by measuring
the thermodynamic parameters in solution forms which have an impact on protein
folding-unfolding transitions [47]. Subsequently, this method was used to assess the
thermal stability of the prepared protein solutions after processing. Table 1 displays
the HSDSC results for denaturation temperature of unprocessed, spray-dried and
electrosprayed lysozyme preparations. The results (Table 1) show that the transition
temperature (T,,) of the spray-dried formulation in the absence of betacyclodextrin
reveals lower thermal stability (T}, was ~72°C) than the unprocessed lysozyme and
other formulations (T, was ~74°C). Electrosprayed samples have maintained the
thermal stability of the protein after processing (T, was ~74°C). However, after
6 months of storage of electrosprayed samples in solid forms, it was noticed that
those samples showed visible aggregates upon addition of aqueous solutions, while
spray-dried lysozyme samples were soluble in the aqueous solutions.

3.4 Biological activity of lysozyme
The most crucial parameter in any protein formulation is to maintain the

biological activity of the protein. This will give an indication about the integrity,
foldability and stability of the protein. Biological activity test was run for lysozyme
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before and after processing. Solid protein samples were reconstituted, and the bio-
logical activity was expressed as a percentage that is relative to the control protein
(activity of unprocessed protein was 100%). Table 1 displays the biological activity
results for spray-dried and electrosprayed lysozyme formulations. Spray-drying
of lysozyme without and with betacyclodextrin led to about 10% reduction of
lysozyme activity as compared with the unprocessed lysozyme. On the other hand,
electrospraying of lysozyme better maintained protein biological activity compared
to spray-dried protein formulations (Table 1). However, aggregate formation in
solutions was noticed after 6 months of storage of electrosprayed lysozyme solid
samples, meaning that proper storage conditions require to be maintained for long-
term stability of dried lysozyme samples prepared by electrospraying technique.
The outcomes of this study could be explained on the basis that spray-drying
process has perturbed the tertiary structure of lysozyme, thus reducing the biologi-
cal activity of the protein; these results are in agreement with Haj Ahmad et al. [21]
and Hulse et al. [45]. Lu et al. [48] reported that the type and percentage of the
excipient used would influence the stability of protein formulation. The addition of
betacyclodextrin to the spray-drying formulation did not have any improvement as
~87% biological activity of lysozyme was achieved. Sustaining the tertiary structure
of lysozyme is critical for its full activity. One of the vital factors for this is the level
of hydration at the active site cleft of the protein. Nagendra et al. [49] suggested
that the active site in the lysozyme is heavily hydrated and ~0.2 grammes of water/g
protein is required for the protein to maintain its biological activity with at least 9.4%
of moisture content. Otherwise, the active site cleft will shrink, and thus the protein
will inactivate [49]. On the other hand, 100% of the protein biological activity was
observed for freshly electrosprayed lysozyme without and with betacyclodextrin
suggesting the full hydration of the active site cleft in the protein. A study conducted
by Gomez et al. [44] using insulin as a model protein reported electrospraying tech-
nique was gentle not to hinder the biological activity of insulin. The overall results
suggest that different ways of drying (e.g. heating like in spray-drying and electric
charge like in electrospraying) have different influences on the protein biological
activity. The structure of proteins embraces several weak interactions (hydrogen
bonging and electrostatic). These interactions can easily be affected by subjecting to
physical and chemical stimuli that would include various processing conditions of
conventional processing techniques (e.g. spray-drying) where high temperature or
stress is applied. High temperature tends to denature sensitive biomolecules, such as
proteins. Atomisation of materials by electrospraying relies mainly on evaporation of
the solvent to generate dry particles without affecting the characteristics of proteins
such as biological activity. While denaturation by the effect of temperature can be
avoided, some denaturation and degradation might be initiated by the shear stress
in the nozzle tip through which the aqueous solvent is infused [22, 37, 50, 51]. In this
study, the biological activity of freshly dried lysozyme forms was conserved by using
electrospraying method compared with spray-drying technique. However, aggregate
formation in solutions was noticed after 6 months of storage of electrosprayed
lysozyme solid samples, meaning that proper storage conditions require to be main-
tained for long-term stability of dried lysozyme samples prepared by electrospraying
technique. Accordingly, there is a need for further study of the stability of the protein
particles at various temperature and humidity conditions.

4, Conclusion

It was observed that electrospray lysozyme formulations without and with
the used excipient looked promising compared to unprocessed and spray-dried
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formulations. However, it was observed that proper storage for electrosprayed
samples is needed as the protein degraded after some time of storage. Spray-dry
and electrospray seem to have some positive and negative effects on the lysozyme
depending on the technique and its used parameters.
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Chapter 5

Using the iESP Installed on the
Space Station Moving in an
Irregular Gravitational Field of the
Asteroids Eros and Gaspra

Olga Starinova, Andrey Shornikov and Elizaveta Nikolaeva

Abstract

The gravitational field of asteroids and comets often has a complex dynamically
changing shape. The study of the gravitational field of such bodies is essential for
the design of missions, especially for missions involving maneuvering in close
proximity, landing, and takeoff from the surface of a celestial body. This chapter
deals to the problem of spacecraft’s controlled motion near objects with irregular
gravitational fields. We propose to use a propulsion system based on ion
electrospray propulsions (iESP), which usually used to control the spacecraft’s
motion relative to the mass center. The chapter describes the gravitational field of
an asteroid as the superposition of the fields of two rotating point masses. The
proposed control laws made it possible to stabilize the orbit near the asteroid
surface. We performed the simulation of motion close to two relatively well-studied
asteroids Eros and Gaspra. The results of the simulation demonstrated that the using
of iESP as the auxiliary propulsion systems is sufficient to control the spacecraft’s
motion in irregular gravitational fields.

Keywords: asteroid, boundary task, electric propulsion engine,
gravitational potential, n-body problem, spacecraft, iESP, electrospray engine

1. Introduction

Over recent decades, there has been an increase in interest of the asteroids,
comets, and other small celestial body studies. This is due to the changes in the
research vector toward the solution of applied problems: counteraction to asteroids
[1] and comet [2] hazards and development of small solar system objects with the
purpose of mineral extraction [3, 4].

When designing research missions, there is a problem of the development of
spacecraft control schemes in the attraction fields of complex geometric shapes
bodies. The gravitational force between the elementary masses in that type of
bodies is not sufficient to form the bodies in correct ellipsoidal or spheroidal form.
Complex geometry creates the gravitational field of the complex configuration [1].
The spacecraft’s behavior in this field is significantly different from the behavior of
similar spacecraft near ellipsoidal and spheroidal bodies, the shape of which, as well
as their gravitational field, can be considered correct in some approximation. The
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modeling of spacecraft motion and the development of control schemes near aster-
oids and comets is possible only under the condition that those bodies gravitational
field formalization task was solved with the prescribed accuracy. However, if we
take into consideration cavities and voids in the object structure, the center of
masses displacement, and the uneven distribution of density [5], it becomes diffi-
cult to solve the gravitational field formalization problem.

In addition to the high accuracy of the gravitational field model, the lightweight
of the model plays a huge role in ballistic design. The task of the spacecraft
motion modeling and the task of finding optimally sustainable control schemes are
virtually non-solvable because of the overloaded model of gravitational potential.
That is why the task is to find a balance between the accuracy of the object’s
potential appearance and the convergence property of the task.

The problem of finding the correct mathematical description of the gravitational
fields of different shaped objects was addressed in a number of sources. For exam-
ple, in the paper [6], the authors address the polygonal method of presenting the
gravitational potential of asteroid 4769 Castalia as a formal model. A comparison of
the proposed approach with the model of point attracting center takes place in the
paper [7], where authors present a comparative analysis of the polygonal model and
the model of point attracting center for the asteroid 216 Cleopatra. The paper [8]
described and compared the gravitational potential presented in the form of series
expanded into spherical, spheroidal, and ellipsoidal functions for Martian moons. In
the paper [9], the authors address the position of equilibrium points for 23 different
asteroids in their polygonal models of gravitational fields.

The drawbacks of the approaches addressed are their cumbersomeness when
using in the problems of spacecraft flight dynamics and the necessity to know in
advance the physical properties of the objects—geometry and mass distribution.
Modeling the gravitational field of objects whose properties and structure are not
known in advance within the models described is not possible.

This work analyzes the possibility of using ion electrospray propulsions to stabi-
lize the orbit of a spacecraft that maneuvers in the gravitational field of an object of
complex geometric shape using the asteroid 433 Eros and 951 Gaspra as examples.
The choice of these asteroids is due to the presence of sufficient information about
the gravitational fields of these bodies [10-12]. Besides, 433 Eros and 951 Gaspra are
quite massive, and therefore it is impossible to ignore the uneven distribution of
their gravitational field in space [12-14]. The authors used this information in
[1, 15] to prove the correctness of the models used.

As a result of motion simulation, the authors developed an idea of using the
iESP module for the controlled motion in the vicinity of the asteroid. Such
modules are able to gain necessary thrust and exhaust velocity for the stable
motion near the asteroid.

2. Models of an irregular gravitational field

The chapter presents a model of the gravitational potential of asteroid 433 Eros
and 951 Gaspra in terms of the applicability of the model in the problems of
flight dynamics. It should be noted that the described model of motion does not
require fundamental knowledge about the structure and composition of the object.
The purpose of the analysis is to show that this method of describing the gravita-
tional potential provides sufficient accuracy for subsequent flight design.

This work uses the asteroids 433 Eros and 951 Gaspra as examples cosmic bodies
with irregular gravitational fields. The choices of these asteroids are explained by
the shape of the asteroid, its mass and its orbit. According to [14], the physical
properties and orbital characteristics asteroids are presented in Table 1.
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Figure 1.
Asteroid Evos 433 as a superposition of two rotation mass points.

A number of mathematical methods can be used for deriving a model of an
irregular gravitational field. This chapter suggests the model of gravitational poten-
tial based on the n-body problem. Authors developed the idea of superposition of
single gravitate mass points potential. The problem is to determine the necessary
number of mass points and to define their locations. It is considered that two
gravity points suffice for the simulation of gravitational field. It should be noted
that the model under consideration assume that the asteroid’s density is distributed

evenly throughout the body to simplify the calculations.

In the paper [15], authors compare the barycentrical form of gravitational
potential and gravitational potential in spherical harmonic coefficients. It is proved
that barycentric potential is accurate enough for the motion simulations.

Let My, M, is masses of gravity points and r; = (xl, yl,zl) , I = (xz, Vs 22 ) are
their vector positions (Figure 1). The corresponding form of the gravitational

potential U, ,, . for this case is taken from [16]:

Physical characteristics of the asteroids 433 Eros and 951 Gaspra

Mass, kg 6.69 x 10" 2-3 x 10
Density, kg/cm® 2.67 2.7
Dimensions, km 34.4 x 11.2 x 11.2 18.2 x 10.5 x 8.9
Mean diameter, km 16.84 12.2
Rotation period, hours 5.27 7.04
Orbital characteristics of the asteroids 433 Eros and 951 Gaspra
Eccentricity 0.22263 0.17363
Major axis, a.u. 1.45796 220971
Perihelion argument, deg 178.79567 129.72454
Inclination of orbit, deg 10.8289 4.10220
Circulation period, days 642.989 1199.782
Longitude of ascending node, deg 304.33453 253.17193
Table 1.

Physical and orbital characteristics of the asteroids 433 Eros and 951 Gaspra.
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where G is the gravitational constant; r = (x, y, 2) is vector of a spacecraft’s
position; w is the angular velocity of the rotating around the barycentre; and 4 is the
distance between the mass points. Hereafter, we call the potential (1) as the
barycentric potential.

For example, in [15] we have analyzed the gravitational field of the asteroid 433
Eros and have calculated the exact mass values and the distance between the gravity
points by trial and errors method. The following parameters of model
M; = 4.356 - 10" kg, M, = 2.334 - 10 kg, d = 10.8 km, and @ = 5.6 - 10 * rad/s
provide a minimum error in comparison with the gravitational potential described
in the paper [11]. Figure 2 shows the corresponding graph of the gravitational
potential force lines for the Eros.

3. Motion simulation in an irregular gravitational field for an electric
propulsion spacecraft
3.1 Simulation a passive spacecraft’s motion

As we have already mentioned, the gravitational potential of the object can be
represented as a set of attracting point masses. We will address the gravitational
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potential (1) in the inertial Cartesian three-dimensional coordinate system, which
begins at the mass center Bs (Figure 3). The axis BsZ associates with the axis of
asteroid’s rotation.

We used the following assumptions to the simulations:

* the asteroid and the spacecraft are moving in the plane XBsY, the asteroid
rotates clockwise, and the spacecraft rotates counter clockwise;

* the spacecraft has no impact on mass points motions (restricted circular three

body problem);
* the Sun’s gravity has impacted to the spacecraft and asteroid [17].

Vector form of the differential equations of the disturbed spacecraft’s
motion is [16]:

d’r n M; A r P
R A ?
dmsy
P -6t (4)

where P is controlling thrust vector; 7 is propellant consumption per second; 6 is
Boolean-function of the engine operating condition (it can be 0 or 1); and mgy is the
spacecraft mass, yg,, is gravity parameter of Sun.

From now on, a radius is in km, velocity is in kilometer per second, thrust is in
Newton, and angle is in radians. The integration scheme is the Runge-Kutta
method (fourth-order accuracy). It is also noteworthy that all osculating parameters
of orbit were obtained in the presumption that the asteroid’s mass localizes in
barycentre point.

We used the spacecraft’s parameters, like to the missions Dawn and Rosetta [18],
to simulate motion in these cases. The spacecraft’s mass is 1200 kg and the exhaust
velocity of the engine is 20 km/s. The initial commencing speed in every case was

Figure 3.
Scheme of the three body problem.
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chosen close to the circular velocity of the asteroid as the body with only one gravity
point. The launch date is May 30, 2018. The authors developed the software for
simulating spacecraft motion in irregular and regular gravitational fields [1].

To compare the impact of the distance from asteroid Eros on the spacecraft
trajectory, we proposed to perform motion simulation for two orbit altitudes—50 km
and 100 km. The same simulation to the asteroid Gaspra was performed for an orbit
altitude of 200 km. Table 2 presents the initial conditions for the three cases.

Figures 4 and 5 illustrate the trajectories of the passive spacecraft motion for
two orbit altitudes in the plane: 50 km and 100 km from asteroid Eros. According to
the graphs, orbits are not stable; moreover, in the first case, the spacecraft hits the
asteroid after 18.35 days.

3.2 Simulation controlled spacecraft’s motion: locally optimal controlled law

One of the problems of controlled spacecraft motion simulation is to find simple
schemes to control the spacecraft that allow performing some simple maneuvers or
stabilizing an orbit.

Case r, km V, km/s

Erosl 50 2.98x 1073

Eros2 100 21x 1073

Gaspral 100 2.76x 1073
Table 2.

Initial conditions for the three cases of simulation.

50 km from the barycenter

rapectory ——

Ylom
o

Figure 4.
Trajectory of passive spacecraft motion near the Eros in the plane XBsY (case Eros1)

r=(0 50 0);v=(0 298-10° 0)".

94



Using the iESP Installed on the Space Station Moving in an Irregular Gravitational Field...
DOI: http://dx.doi.org/10.5772 /intechopen.85615

100 km from the barycenire

Figure 5.
Trajectory of passive spacecraft motion near the Evos in the plane XBsY (case Eros2) » = (0 100 0)
v=(0 21-10% o)~

T-
;

The primary requirement for these control schemes is the simplicity in opera-
tion. Consequently, it is suggested to use locally optimal actions based on osculating
orbital elements. A spacecraft is assumed to move along the barycentric orbit, and
corresponding osculating elements appertain to this orbit’s plane. According to [17],
application of the laws based on osculating orbital elements in this particular case
allows obtaining a stable orbit for a spacecraft with an electric propulsion engine. It
is suggested to use an angle 5 between the radius vector of the spacecraft r and the
propulsive force vector P (Figure 6).

Figure 6.
Barycentric rectangular coordinate system—the Eros and the spacecraft appertain to the plane.
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The constant semi-major axis law is considered [17] as the control law:

esind

tgﬂ:_l—i—ecos& ®)

where 9 is true anomaly and e is eccentricity of the barycentric orbit.
The equations of the control thrust vector are:

szygxcosnfr—ysinn (6)
V1t NSRS
7, 4
P, = —2%— cosy+———sin 7
Il + ry? 1 N 1 )
P, =0 (8)

The simulation parameters were determinated earlier. Additionally, the specific
impulse of the engine module is IsP1 = 1000 s, IsP2 = 1500 s, and IsP3 = 2000 s. The
trust values are various for the particular altitude. The particular values were
obtained by the direct-search method.

The interpolated values of thrust levels for the orbit’s stabilization control
scheme (16) for IsP1 = 1000 s, IsP2 = 1500 s, and IsP3 = 2000 s are represented in
Figure 7.

Figures 8 and 9 show graphs of changes in orbit parameters in case Eros1 and
the engines with IsP1 = 1500 s.

Figure 10 shows the trajectory of spacecraft’s motion in the OXY for 50 km Eros’
orbit (case Eros1). The characteristic of thrust for the orbit altitude in 50 km and for
the orbit altitude of 100 km are shown in Table 3.

Figure 11 shows trajectory of spacecraft’s motion in the OXY for 100 km Eros’
orbit (case Eros2).

Consider the trajectory of motion for the case of asteroid Gaspra, obtained by
using the locally optimal control law—the constancy of the distance of the semi
major axis (Figure 12), as well as graphs of changes in the barycentric coordinates
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Figure 7.
Dependency of the thrust level to the barycentre distance and the specific impulse of propulsion system.
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Figure 8.
Graphs of changes in the parameters of the trajectory (case Evos1). (a) The angle of the true anomaly and
(b) eccentricity.

i gt o8 F el P

Figure 9.
Graphs of changes in the parameters of the trajectory (case Eros1). (a) Focal parameter, (b) inclination,
and (c) longitude of the ascending node.
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50 km from the barycenire

Figure 10.
Trajectory of spacecraft’s motion near the Eros stabilized by the constant semi-magjor axis law

r=(0 50 0);V=(0 298-103 0)",P=6.610"N (case Eros1).

Case r, km P,N c, km/s

Erosl 50 6.6 x 107° 15

Eros2 100 8 x 107° 15

Gaspral 100 233 x107° 20
Table 3.

Characteristics of thrust and exhaust velocity.

and velocities of the spacecraft (Figures 13 and 14) and graphs of changes in the
orbit parameters (Figures 15 and 16).

4. Ion electrospray thruster assembly for spacecraft maneuvering in
vicinity of asteroid

Ion electrospray engine (iESP) is a micro-thruster that is designed initially for
CubeSats technology. Besides, such engines can be used for motion control systems
of small spacecraft as these engines have a sufficient duration of operation and low
consumption of the working fluid. It is a type of low thrust electric propulsion
rocket engine that uses electrostatic acceleration of charged liquid droplets for
propulsion. The liquid used for this application tends to be a low-volatility ionic
liquid. The most amenable propellants for electrostatic thrusters have proven to be

98



Using the iESP Installed on the Space Station Moving in an Irvegular Gravitational Field...
DOI: http://dx.doi.org/10.5772 /intechopen.85615

100 km from the barycenire
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Figure 11.
Trajectory of spacecraft’s motion near the Evos stabilized by the constant semi-major axis law

r=(0 100 0);V=(0 21-103 0)",P=8-107°N (case Eros2).
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Figure 12.
The trajectory of the spacecraft for asteroid Gaspra (case Gaspra1).
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Figure 13.
Graphs of changes in the parameters of the trajectory (case Gaspra1). (a) X coordinate, (b) the Y coordinates,
and (c) Z coordinates.

cesium, mercury, argon, krypton, and most commonly xenon, and many possible
sources of such ions of the requisite efficiency, reliability, and uniformity have been
conceived and developed [19].

The typical design appearances of an electrospray thruster are shown Figures 17
and 18.

Like other ion thrusters, the main benefits of iESP include high efficiency, thrust
density, and specific impulse; however, it has shallow total thrust, on the order of
micro-Newton. It provides excellent attitude control or dynamic acceleration of
small spacecraft over long periods.

The spacecraft’s motion simulation in asteroid’s vicinity identifies that engine
specification for the stabilization trajectories is close to the Ion electrospray thrusters’
modules in the context of the thrust level and IsP. Therefore, we propose to use them
not only as executive bodies of the control system, but also to stabilize the orbital
motion of the spacecraft, which is unstable due to the disturbing action of an irregular
gravitational field. The appearance of the control program identifies the number of
demands for the electrospray engines module that is installed on the spacecraft. It can
be used for the particular configuration of the power plant’s design.
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Figure 14.
Graphs of changes in the parameters of the trajectory (case Gasprai). (a) Vx velocity, (b) Vy velocity, and
(c) Vz velocity.

Figure 15.
Graphs of changes in the parameters of the trajectory (case Gasprai). (a) The eccentricity and (b) the angle of
the true anomaly.
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Graphs of changes in the parameters of the trajectory (case Gaspra1). (a) Focal parameter, (b) inclination,
and (c) longitude of the ascending node.

Figure 17.
Electrospray thruster.
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Figure 18.
Electric engine.

Figures 19-21 show diagrams of the control law for the cases Eros1, Eros2, and
Gaspral (control programs). It can be seen from the graphs that small changes in
the direction of thrust of the engine (within 10°), according to the selected control
law, allows making the flight orbits stable. Such control rules can be used to
maneuver near an asteroid with an uneven gravitational field.

Graph of Control anghe
T T T T 360

m i i i i i i m
[] 50000 100000 150000 200000 250000 300000 350000
Tirme{ sec)

Figure 19.
The control program for the constant semi-major axis (50 km) (case Eros1).
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Figure 20.
The control program for the constant semi-major axis (100 km) (case Eros2).
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Figure 21.
The control program for the constant semi-major axis (100 km) (case Gaspra1).
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Electric engine thrust/IsP distribution for suitable electric propulsion systems.

Thus, iESP modules can be successfully used not only for the control angular
motion, but also for the movement in the vicinity of an asteroid in different
research missions.

The simulation results of the orbital stabilization for other engines (for other
specific impulse and thrust values) and orbit altitudes were not represented in the
chapter; however, the obtained values were used for interpolation lines (Figure 6).
Thrust levels were variable parameters that depend on the orbit altitude and the
initial commencing speed. Figure 22 shows the range of settings of electric
propulsion systems suitable for use as an engine for maneuvering or stabilizing
near-asteroid orbits.

5. Conclusions

This chapter discusses the use of electrospray engines to stabilize near-asteroid
orbits. Presents two of the asteroids Eros and Gaspra have substantially
nonspherical. Mathematical models of the asteroid’s gravitational field and con-
trolled motion of a spacecraft with an electric motor in an uneven gravitational field
are developed.

The obtained results are used to simulate the passive and controlled motion of a
spacecraft as an n-body problem. It is established that passive motion is unstable.
The authors proposed to use the known locally optimal control law for orbit stabi-
lization. A constant semi-axis control law of thrust was used to model the motion of
three orbits (50, 100, and 200 km) near two asteroids (Eros and Gaspra) to stabi-
lize. The levels of thrust and specific impulse and their dependence on the orbit
height, initial velocity, and asteroid parameters were determined.

The simulation results show that the calculated thrust and specific impulse (or
exhaust velocity) levels are within the range of ion motor characteristics. However,
it is necessary to take into account the received control programs and the real and
mass of the spacecraft. Therefore, under all these assumptions, it is possible to use
the ion electrospray module for motion near asteroids.
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The simulation results show that the calculated thrust and exhaust velocity levels
are too low for the spacecraft’s main engines. Thus, to guarantee the design charac-
teristics, it is necessary to use an additional module iESP.
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