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Abstract: Although electrospun nanofibers are expanding their potential commercial applications in
various fields, the issue of energy savings, which are important for cost reduction and technological
feasibility, has received little attention to date. In this study, a concentric spinneret with a solid
Teflon-core rod was developed to implement an energy-saving electrospinning process. Ketoprofen
and polyvinylpyrrolidone (PVP) were used as a model of a poorly water-soluble drug and
a filament-forming matrix, respectively, to obtain nanofibrous films via traditional tube-based
electrospinning and the proposed solid rod-based electrospinning method. The functional
performances of the films were compared through in vitro drug dissolution experiments and ex vivo
sublingual drug permeation tests. Results demonstrated that both types of nanofibrous films do
not significantly differ in terms of medical applications. However, the new process required only
53.9% of the energy consumed by the traditional method. This achievement was realized by the
introduction of several engineering improvements based on applied surface modifications, such as a
less energy dispersive air-epoxy resin surface of the spinneret, a free liquid guiding without backward
capillary force of the Teflon-core rod, and a smaller fluid-Teflon adhesive force. Other non-conductive
materials could be explored to develop new spinnerets offering good engineering control and energy
savings to obtain low-cost electrospun polymeric nanofibers.

Keywords: energy saving; electrospinning; engineering optimization; poorly water-soluble drug;
fast dissolution

1. Introduction

Electrospinning, a process in which nanofibers are produced by the interaction of fluids and
electrostatic energy [1-6], is developing rapidly in two directions. In the first direction, electrospinning
is being developed for its capability of generating new types of polymeric nanofibers from different
aspects, such as treating more different kinds of working fluids for generating new types of
nanofibers [7-10], implementing the processes in different manners such as coaxial, side-by-side
and in combinations [11-13], producing nanofibers on a large scale [14,15] and converting the
nanofibers through a combination with other traditional chemical or physical methods [14-17]
(Figure 1).
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Figure 1. Concept, development, and applications of electrospinning.

The second direction of developments in electrospinning involves deepening the knowledge
about the electrohydrodynamic atomization (EHDA) of working fluids, which is centered around the
mechanism of the single-step but “extremely complex” process [18-22]. Most issues in electrospinning
have a deep relationship with interface-based engineering considerations [23], such as (1) the contact
surface between a fluid and its spinneret that guides the former into the electrical field; (2) the dynamic
interface between the working fluid and the environment; (3) fluid—fluid interfacial interactions
during a multiple-fluid electrospinning process; and (4) the escape of the solvent from a fluid and the
related solidification mechanisms [24]. Although several modified coaxial and triaxial electrospinning
processes have been reported based on adjusting the air-fluid contact formats, these processes generally
aim to optimize the preparation conditions by employing an additional solvent as a separate working
fluid [25,26]. The modified processes have shown great advantages over the traditional processes
by enabling the manipulation of the solidification rate of polymeric fluid, which, in turn, generates
nanofibers with high quality [27,28]. However, they should inevitably increase the consumption of
electrostatic energy, which is neglected in both modified and traditional electrospinning.

Electrical energy can be easily transferred to the working fluid when a metal capillary is exploited
as a spinneret, and spinnerets are acknowledged to be the most important part of an electrospinning
system. The three other parts of an electrospinning system are the fluid-driving pump, high power
supply, and fiber collector [29-31]. Thus far, the influence of the surface between the spinneret’s
texture and the passing fluid has received little attention. Whereas, the influences are observed in
all types of electrospinning methods including, bubble electrospinning, needleless electrospinning,
free-surface electrospinning, reactive electrospinning, and the most common needle-based spinneret
electrospinning [32-37].

Electrospun nanofibers have shown excellent potential applications in many fields, such as
the environment, energy, medicine, and functional fabrics [38-40]. Many new possibilities in the
laboratory may be used to develop new commercial products. Thus, the large-scale production
of nanofibers has recently received increased attention [41,42]. Correspondingly, methods to
decrease the cost of electrospun nanofibers are of considerable importance. Energy savings during
electrospinning will have a considerable influence on the prices of the generated products and,
thus, deserve intensive investigation.

In an ideal production run, all of the electrical energy inputted into the electrospinning
process is exploited to draw and solidify the working fluids into solid nanofibers. However, some
energy is inevitably lost to the environment during the energy transfer and working processes.
In an electrospinning system, the spinneret acts as a convergent place of electric energy and the
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working fluid(s). In the literature, nearly all reported spinnerets are made from metal, especially
stainless steel [41-43], because metals have fine mechanical properties and are electrically conductive.
Thus, this material always comprises spinnerets to transfer electrostatic energy to the working fluid.
Whole-metal spinnerets are commonly connected to a power supply through an alligator clip [44-46].
However, the metal spinneret and clip could similarly disperse electrostatic energy to the environment
through the atmosphere, especially in humid weather. Thus, we hypothesize that other spinnerets
consisting of non-metals may be more efficacious in conveying electrostatic energy to the working
fluid, which has important implications for large-scale production.

In this study, we developed a concentric spinneret with a solid Teflon-core rod and then used it
to implement an energy-saving electrospinning process in which medicated nanofibers consisting of
ketoprofen (KET) distributed over a polyvinylpyrrolidone (PVP) matrix were produced. A traditional
electrospinning process employing a monoaxial metal tube as a spinneret was also implemented to
create nanofibers using the same working fluid. The energy cost of both processes and the properties
and performances of the generated nanofibers were compared.

2. Materials and Experiments

2.1. Materials

Ketoprofen (KET, purity of 98%, white powder) was purchased from Shanghai Hao-Sheng
Pharmaceutical Company (Shanghai, China). Polyvinylpyrrolidone K60 (PVP K60, M,, = 360,000) was
obtained from BASF Shanghai Corporation (Shanghai, China). Anhydrous ethanol was provided by
Shanghai Shi-Yi Chemicals Reagent Co. Ltd. (Shanghai, China).

2.2. Electrospinning Method

The homemade electrospinning apparatus included a power supply (ZGF-60kV/2mA, Wuhan
Huatian Co., Ltd., Wuhan, China), two fluid drivers (KDS100 and KDS200 from Cole-Parmer®
Corporation, Waltham, MA, USA), a fiber collector (i.e., a hardboard wrapped with aluminum foil),
and two homemade spinnerets. One spinneret comprising a 25G stainless steel capillary was utilized
to implement a traditional monoaxial process, and the nanofibers obtained from this spinneret were
denoted N1. A concentric spinneret with a solid Teflon-core rod was prepared to conduct the
energy-saving process, and nanofibers obtained from this spinneret were denoted N2.

The electrospinnable working fluid was prepared by dissolving 10.0 g KET and 40.0 g PVP
K60 in 500 mL anhydrous ethanol; the final concentrations of KET and PVP were 2% (w/v) and 8%
(w/v), respectively. The fiber collection distance and fluid flow rate were fixed at 20 cm and 12 kV,
respectively. A drop shape analysis instrument (DSA100, Kruss GmbH, Hamburg, Germany) was
exploited to measure contact angles of working fluid and the metal and Teflon surfaces.

2.3. Characterization

N1 and N2 were assessed using a scanning electron microscope (5-4800, Hitachi, Japan).
The diameters of the nanofibers were estimated from over 100 points on the SEM images
using Image] software (NIH, Bethesda, MD, USA). The samples were gold-sputtered for 90 s.
The physical status of KET and PVP in N1 and N2 was investigated using an X-ray diffractometer
(Bruker-AXS, Karlsruhe, Germany) within the 26 range of 5-60°. The samples were also subjected to
Fourier transform infrared spectrometry (FTIR; Spectrum 100 Perkin-Elmer, Billerica, MA, USA) in the
range of 500-4000 cm™.
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2.4. Functional Performance

2.4.1. Drug Encapsulation Efficiency

Quantitative measurements of KET were conducted using a UV-vis spectrophotometer
(Unico Instrument Co., Ltd., Shanghai, China). The absorbance of the KET solution at Amax = 260 nm
was exploited to build a standard equation from standard solutions and calculate the KET concentration
of samples of unknown concentrations.

The nanofiber mats were cut into 2 cm? pieces at random locations and weighed to determine the
KET contents of N1 and N2. The samples were placed in separate flasks containing 100 mL of distilled
water and stirred at 500 rpm continuously for 30 min. The absorbance of the solution was measured,
and the KET concentration was calculated (PVP has no absorbance at 260 nm). The encapsulation
efficiency (EE) of KET was calculated using Equation (1) [47]:

C
EE(%) = =2 x 100% 1)
C

where C; is the KET content determined from the electrospun nanofibers by experimentation and C;
represents the theoretic KET concentration according to the preparation conditions, i.e., 20% (w/v).

2.4.2. In Vitro Dissolution Tests

A paddle method according to the Chinese Pharmacopeia (2015 ED) was exploited to
measure the drug release profiles of N1 and N2 during in vitro dissolution tests. A dissolution
apparatus (RCZ-8A, Tian-Jin University Radio Factory, Tian Jin, China) with seven vessels was
utilized. Each vessel was filled with 900 mL of phosphate buffered solution (PBS, pH 7.0, 1.0 M) at
35+1°Cand 50 rpm. N1 or N2 (0.2 g X 6 pieces) was placed in six of the seven vessels. At selected time
points, 5.0 mL of the aqueous solution was withdrawn and 5.0 mL of fresh PBS from the seventh vessel
was added to maintain a constant volume of the dissolution medium.

The cumulative percentage release of KET (Q) was calculated according to Equation (2) [48]:

CuxVo+ XI CixV
CoVo

Q% = X 100% (2)
where Vj and V represent the volumes of the bulk dissolution medium (900 mL) and withdrawn
sample (5 mL), respectively, Cy represents the theoretical concentration of KET after complete release,
Cn represents the measured KET concentration determined in the nth aliquot (ug/mL), and C; is the
KET concentration in the ith aliquot (ug/mL).

2.4.3. Ex vivo Drug Permeation Tests

Ex vivo permeation tests of KET from N1 and N2 and raw KET powders were implemented
by using a permeation test apparatus (RYJ-6A, Shanghai Huang-Hai Drug Control Instrument,
Shanghai, China) This apparatus contained six Keshary—Chien glass diffusion cells and a water-bath
system to maintain a constant temperature (35.0 + 0.5 °C). The samples were mounted in the cells,
which had a diffusion area of 2.60 cm?. The receptor compartment had a volume of 7.2 mL.

Porcine samples of sublingual mucosa were obtained from a local abattoir and mounted between
the receptor and donor compartments of the diffusion cells; here, the mucosal surface faced upward.
Each donor compartment was filled with 1.0 mL of PBS. A magnetic bead was placed in the receptor
compartment and stirred at 100 rpm. Prior to the permeation tests, the sublingual membranes were
equilibrated for 30 min. N1 or N2 (10 mg) or 2.0 mg of raw KET powder (<0.1 mm) was placed on
the mucosal surface. Exactly 1.0 mL of each sample was withdrawn from the receptor at selected
time points and replaced with 1.0 mL of fresh PBS. The withdrawn samples were filtered through a
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0.22 pm membrane (Millipore) for KET concentration measurements. The cumulative permeation rate
of KET (P) was calculated according to Equation (3) [49]:

CaxVo+ LI CixV
- o

where Vj and V represent the volumes of the bulk dissolution medium (7.2 mL) and withdrawn sample
(1.0 mL), respectively, C,, represents the KET concentration determined in the nth aliquot (ng/mL) from
the receptor compartments, C; is the KET concentration in the ith aliquot (ng/mL), and Q.. represents
the KET content (ug) placed in the donor compartments.

P% x 100% 3)

2.5. Statistical Analysis

All experiments were conducted at least three times, and all values are expressed as
mean *+ standard deviation. A p value of <0.05 indicated a statistically significant difference.

3. Results and Discussion

3.1. Designs of the Concentric Spinneret with a Teflon-Core Rod

The original idea behind the concentric spinneret with a solid Teflon-core rod is shown in
Figure 2; a traditional stainless steel needle utilized as the control is also illustrated. The homemade
spinneret combines the features of a traditional monoaxial spinneret, a coaxial spinneret, and a solid
needle spinneret. The tube-based spinneret could guide the fluid in the electrical field with greater
accuracy than needless electrospinning. The solid needle-spinneret has the advantage of a free surface,
which could overcome negative capillary forces [50,51]. Thus, this combination should have the
advantages of both single-fluid processes with solid needle or tube needle, and is organized in a
concentric manner for convenient implementation.

7\ Coaxial spinneret
with a solid Teflon

-
needle
@Solid'les >- .

Teflon needle

~ J New spinneret

Traditional spinneret
consisting of a metal
capillary

Stainless
steel

Figure 2. Conceptualization of the concentric spinneret with a solid Teflon-core rod and a traditional
stainless steel needle utilized as the control.

The concentric spinneret is made of stainless steel, epoxy resin, and a Teflon rod as the core.
The metal tube presents good conductivity for energy transfer and strong mechanical properties to
enable facile installation of the electrospinning system but could divert energy toward random directions
and easily interact with the viscous fluids. The Teflon rod has the advantage of a low surface energy for
rejecting clinging and dielectric, which means most of the energy could be concentrated on the fluids.
The epoxy resin can prevent energy dispersion to the environment. The traditional spinneret, which is
shown at the bottom of Figure 2, consists of a metal capillary of 25G, has inner and outer diameters of
0.26 and 0.51 mm, respectively, and is used to carry out tube-based single-fluid electrospinning.



Polymers 2020, 12, 2421 6 of 16

A schematic of the preparation process and a digital photograph of the new spinneret are
shown in Figure 3a,b, respectively. The spinneret was modified from a traditional concentric
spinneret; here, a 25G metal capillary was nested into a 19G tube with inner and outer diameters of
0.84 and 1.08 mm, respectively. A Teflon rod was sharpened and inserted directly into the inner tube to
form the Teflon-core rod. Epoxy resin was utilized to seal joints and cover all metal surfaces except for
a short section through which the alligator clip could convert electrostatic energy.

19G (20.84/1.08) Epoxy resin

%

Teflon needle
25G (20.26/0.51)

(a) Inlet of fluid

Figure 3. Proposed concentric spinneret with a solid Teflon rod. (a) Diagram showing the inner
structure of the spinneret. (b) Digital photograph of the complete spinneret.

3.2. Implementation of the New Electrospinning Process

The groove connected to the core tube and solid Teflon needle could be inserted with an empty
plastic syringe and directly fixed to a pump. The working fluid could be pumped quantitatively into
the spinneret through an elastic silicone tube, as shown in the top-left corner of Figure 4a. The Chinese
character on the epoxy resin in the spinneret was utilized to facilitate good focus when photographs of
the working process were taken under a certain magnification using a camera.

Figure 4. Comparison of the energy consumption of electrospinning processes using the traditional
metal tube-based spinneret and the new concentric spinneret. (a) Digital photograph of the working
process. Top-left inset: Connection of the small naked metal surface for electrostatic energy transfer.
(b) Applied voltage and current of the traditional process. (c) Applied voltage and current of the
new process.



Polymers 2020, 12, 2421 7 of 16

When the conventional single-fluid process was conducted using the 25G spinneret, a high voltage
of 9.4 kV was necessary to maintain a continuous and robust working process and the responding
current was 0.06 mA (Figure 4b). When the new spinneret was utilized to implement electrospinning
under the same fluid flow rate of 2.0 mL/h, the applied voltage was 7.6 kV and the current reported by
the high-voltage generator was 0.04 mA (Figure 4c). The whole-metal spinneret, although convenient
for electrospinning operations, requires a higher voltage and larger current for the working process.
The differences should be resulted from the energy lost to the environment when compared with the
new spinneret, although it should also lose some energy to the surroundings.

Digital photographs of the working process using the two spinnerets are shown in Figure 5.
Figure 5a,b reflects traditional tube-based and the new Teflon rod concentric spinneret-based processes,
respectively. Similarly, both of them had the typical three successive steps for finishing the solidification
of working fluid to solid nanofibers, i.e., Taylor cone, straight fluid jet and the unstable regions.

Figure 5. Working process. (a) Digital photograph of the traditional working process based on a metal
capillary as the spinneret. (b) Digital photograph of the working process based on the concentric
spinneret with solid Teflon rod. (c) Digital Taylor cone. (d,e) Change in the liquid droplet to Taylor
cone on the Teflon tip under an applied voltage of 7.6 kV.

Considerable differences may be observed when the two working processes are compared in
detail. First, the Taylor cones of the two processes are different. The Taylor cone of traditional
single-fluid tube-based electrospinning is shown in Figure 5¢; the Taylor cone obtained reflects a
common liquid cone with arched air-fluid boundaries hanging at the tip of the tube’s outlet nozzle.
Shown in Figure 5d is a standing liquid of the working fluid on the Teflon surface due to its hydrophobic
property before the voltage was applied. When the applied voltage was increased to 7.6 kV, a typical
stable Taylor cone was obtained, as shown in Figure 5e. The cone had a “big in the middle but small at
the two ends” image, which could be the systematic result of actions from the “air-fluid” free surface
and “fluid-Teflon surface”. The tip of the Taylor cone is almost the tip of the Teflon rod in Figure 5e,
thus suggesting easy initiation of the electrospinning process due to the low surface energy between
the fluids and Teflon surface and the absence of negative capillary forces that draw the fluid back into
the tube. The lengths of the straight fluid jet for the new and tube-based processes are 3.2 and 2.4 mm,
respectively (estimated with the spinneret as a reference in Figure 5a,b). Additionally, the bending
and whipping loops in Figure 5b are looser than those in Figure 5a, thus suggesting the presence of
large repelling forces between the two adjacent loops. These phenomena reveal that more electrical
energy is converted into the working fluids during electrospinning with a concentric spinneret with a
Teflon-core rod than during electrospinning with a traditional spinneret.
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3.3. Energy-Saving Effect and the Related Micro-Formation Mechanism

The power consumption (P, W) of the electrospinning process can be calculated according to
Equation (4):
P=UxI (4)

where U and I represent the applied direct voltage and electric current, respectively. For tube-based
electrospinning, Wy = U X I = 9400 x 0.06 x 1073 = 0.564 W. For new spinneret-based electrospinning,
Wn=U X I=7600x 0.04 x 1073 =0.304 W. Thus, the new electrospinning process requires only
0.304/0.564 x 100% = 53.9% of the energy consumed by the traditional electrospinning process.
This result suggests that the proposed spinneret promotes an effective energy-saving working process.

Compared with capillary-based electrospinning, the energy-saving effect of the new process
can be summarized as follows: (1) Most of the surface of the spinneret is covered by the insulating
polymers including epoxy and PP plastic exception a section of the metal tube for the alligator clip,
by which the electric energy dispersing to the environment is blocked. (2) The Teflon-core needle,
as an insulating material, retains the electrical energy in the working fluid when it is guided into the
electrical field. (3) Diagrams of the forces exerted on the Taylor cone of the tube-based and proposed
electrospinning processes are shown in Figure 6a. In the former process, the electrical force fg must
overcome the surface tension f, capillary force f, and adhesive force f,. By contrast, the new spinneret
has no f. and f, is smaller than that of the metal surface. This can be determined from the spreading
angle when 3 uL of the working fluid was put on the surface of stainless steel and Teflon, a smaller
contact angle (after 5 s) of 25 + 4° than 88 + 7° suggests better compatibility and a larger f, on the metal
surface (Figure 6b). The presence of f. and f, mean unnecessary energy loss; thus, the new process can
reduce energy loss during the working process. In other words, the new spinneret can avoid energy
loss during the electrospinning process through the exploitation of insulating polymeric materials
for coverage, the solid core needle, the free-surface fluid leading format, and the low fluid-Teflon
surface adhesion.

(b) A 25°

Stainless steel

fs Surface tension
fe Capillary force

f, Adhesive force
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Figure 6. Mechanism of energy saving based on the concentric spinneret with a Teflon-core rod and the

+
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micro-formation of nano products. (a) Backward forces that waste electrical energy. (b) WCA showing
adhesive forces between the working fluids on different surface textures. (c) Changes in products as a
function of the PVP concentration in the fluids.

The key element for forming nanofibers with a fine linear morphology is the property of the
working fluid. Similar to that in tube-based electrospinning, a working fluid with the appropriate
apparent viscosity (or essentially enough physical entanglements of polymeric chains) would result
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in sufficient resistant forces to balance the electrical drawing forces, through which the liquid
fluids are solidified into solid nanofibers. If the working fluid does not have enough viscosity,
the products could degrade into beads-on-a-string, spindles-on-a-string morphologies, or even micro-
or nanoparticles. Given variations in the PVP and KET concentrations in the working fluids, products
in the forms of nanofibers, beads-on-a-string, and solid particles could also be generated using the new
concentric spinneret with a Teflon-core rod (Figure S1 and Table S1 in the Supplementary Materials).
Thus, the present strategy could be explored to conduct other EHDA processes with considerable
energy savings.

3.4. Properties, Physical State, and Compatibility of the Nanofibers

SEM images of N1 (Figure 7al) and N2 (Figure 7b1l) reveal linear morphologies without the
spindles-on-a-string phenomenon. The average diameters of N1 and N2 are 710 + 190 nm (Figure 7a2)
and 740 + 150 nm (Figure 7b2), respectively. The electrospinnability of the co-dissolving working fluid
indicates that these nanofibers are similarly straight despite being produced under different systems
and applied voltages.

401 710190

200 400 600 800 1000
Diameter (nm)

(b2)

50
40
30
20
10

0
200 400 600 800 1000

740150

Frequency

Diameter (nm)

Figure 7. SEM images and size distributions of (al,a2) nanofibers from the traditional processes (N1)
and (b1,b2) nanofibers from the new process (N2).

The XRD curves of N1 and N2 are shown in Figure 8a. No sharp peaks corresponding to
Bragg reflections could be discerned, which means KET is present in the nanofibers in an amorphous
state regardless of the latter’s production method. The FTIR spectra of N1 and N2 are also similar,
thus suggesting that they are similar drug—polymer composites (Figure 8b). Each KET molecule has a
—-OH group, while PVP molecules have many -C=0 groups. Thus, hydrogen bonds can be formed
between these groups so that KET molecules fill the voids among the entanglements of PVP molecules.
This space separation effect would be useful in retarding the recrystallization of KET molecules into
dimers or new crystals.

(a)
Nanofibers N1
_//’ Nanofibers N2
0 10 20 30 a0 50 60
20 (degree)

Figure 8. Cont.
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Figure 8. XRD patterns (a) and ATR-FTIR spectra (b) of nanofibers N1 and N2.

3.5. Functional Performances of the Fabricated Nanofibers

The KET contents Cj measured from N1 and N2 are 19.62 + 1.27% (w/w) and 19.49 + 1.41% (w/w),
respectively. The similar encapsulation efficiency values of EE% (i.e., 98.1 £ 6.4% and 97.5 £ 7.1%
for N1 and N2, respectively) suggest that the electrospinning is essentially a physical drying process
without any drug loss to the environment, although reactive electrospinning has been reported in
literature [52-54]. Drying at an extremely rapid rate should be a unique advantage of electrospinning
over many other bottom-up methods used for creating nanomedicines [55,56].

Comparisons of the drug dissolution performances of N1, N2, and the raw KET powders are
shown in Figure 9a. N1 and N2 respectively released 97.7% + 4.7% and 98.1% + 5.1% of their loaded
KET within the first minute of dissolution, thereby suggesting an immediate drug release effect.
By contrast, the raw KET powders released only 5.4% =+ 3.2% of the added KET powders; this rate is
nearly 20 times slower than those of the composite nanofibers.

a b)1.14
@ 0 .. (b) 2
B A
< 804 1.0
- —o— Nanofibers N1 &
g 601 +— Nanofibers N2 <] I
3 —A— Raw KET powders 2 09
o 40 — =
® LogQ =0.76 + 0.18 Log t
o =i
2 0] - (R=0.9726)
o
of & A
T T T T T T T 0.7 T T T T T )
0 10 20 30 40 50 60 0.0 04 08 1.2 16 20
Time (min) Log t

Figure 9. In vitro dissolution profiles of N1, N2, and raw KET powders (a), and the drug release
mechanism of KET powder (b).

Drug release mechanisms are traditionally analyzed wusing the Korsmeyer-Peppas
Equation (5) [57,58]:

LogQ = LOgAMT:) = Logk + nLogt ®)

where Q is the release percentage, M; and M, represent the drug release at time t and the total
amount of the loaded drug, k is a kinetic constant, and # is a coefficient indicating the drug release
mechanism. Here, n < 0.5 represents a Fickian diffusion mechanism, n > 1 represents an erosion
mechanism, and 0.5 < #n < 1 represents a combined mechanism of erosion and diffusion. In the present
studies, N1 and N2 exhausted all of the loaded KET within 1 min, with not enough data to regress the
equations. However, the drug is released by an erosion mechanism, i.e., KET molecules hanging on the
PVP molecules are dissolved with the dissolution of PVP molecules, which could be easily deduced.
The regression equation for the KET powders is LogQ = 0.76 + 0.18Logt (R = 0.9726). An n value of
0.18 indicates that KET dissolves from its crystalline powders through a typical Fickian mechanism.
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By comparison, the mechanisms of N1 and N2 have revised the drug dissolved behaviors and release
mechanisms, from a gradually surface diffusion to an immediate erosion.

The ex vivo permeation profiles of KET from N1, N2, and the raw KET powders are illustrated in
Figure 10. After 2 min (the first time point), the cumulative permeation percentages of N1 and N2 were
75.47% + 11.4% and 74.65% =+ 9.6%, respectively. After 10 min, the peak permeation percentages of
KET in N1 and N2 reached 83.17% + 15.1% and 85.24% + 13.3%, respectively. These permeation data
suggest no significant difference between the nanofibers. By comparison, after 10 min, the permeation
percentage for the raw KET powders was 7.89% + 4.22% Thus, N1 and N2 provide permeation rates
over 10 times faster compared with that of the KET powders for rapid drug delivery. KET is a typical
class Il nonsteroidal anti-inflammatory drug with a poor solubility. The dissolution rate of this drug
is the key factor limiting its delivery to the circulation system. The results indicate that N1 and N2
could significantly improve the dissolution speed and promote the trans-membrane rate of KET for
fast delivery and immediate therapeutic action.
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Figure 10. Ex vivo permeation tests of N1, N2, and the raw KET powders.

Therapeutic concentrations of a poorly water-soluble drug in the circulatory system are achieved
not only by fast dissolution after oral administration but also by rapid permeation of the drug through
bio-membranes [59,60]. KET has good compatibility with bio-membranes [61]. Correlations of the
drug in vitro dissolution data with the permeation data are shown in Figure 11. The regression
equations for N1, N2, and raw KET powders are P; = —0.08 + 0.81Q;, P, = —0.09 + 0.82Q5, and
P3 =—-0.12 + 0.87Q3, respectively, and the correlation coefficients of these equations are 0.9984, 0.9959,
and 0.9936, respectively. These correlation coefficients suggest that the permeation rates have a close
relationship with the dissolution rates. Thus, the dissolution of KET may be expected to be a dominant
step for its therapeutic action. N1 and N2 are able to release the loaded KET molecules nearly 20 times
faster than the raw KET powders and show 10 times faster permeation rates than KET powders to
induce rapid therapeutic effects. Oral dispersible films are among the most favored dosage forms of
patients [62,63]. The unique properties of electrospun nanofibers reflect their potential applicability to
oral dispersible films with great commercial value [64,65]. The reported KET-PVP films immediately
dissolve when they encounter water (Figures S2 and S3 in the Supplementary Information) and may
be fine candidates as dispersible films for fast trans-membrane drug delivery.

Although nanofibers N1 and N2 show no significant differences in terms of their properties and
functional performances for rapid drug delivery, they have completely different energy consumption.
A high voltage must be delivered to the working fluid to initiate the electrospinning process. However,
methods to improve the effectiveness of the delivery process to charge the working fluids are scarce.
The fluid charging process could be divided into two steps, and each step could be optimized by
various engineering methods. The first step involves the transfer of electrical energy to the working
fluid in an efficacious manner without loss to the environment, which can be fulfilled by an insulated
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polymer-covered surface on the spinneret. Here, an epoxy resin coverage is provided; the metal
material easily converts the energy to the fluid but also disperses the energy to the atmosphere from
all directions. The second step involves the initiation of the Taylor cone and the effective ejection
of the straight fluid, which could be realized by a free-surface process with low surface adhesion.
Here, the Teflon-core needle is utilized. The latter energy—fluid interactions in the unstable region
and straight fluid jet are self-working procedures that are mainly influenced by the properties of
the working fluids. The applications of electrospun nanofibers as commercial products need to
resolve two important issues, i.e., production on a large scale and at a relatively low cost [66,67].
In the literature, many new methods have been reported about the creation of nanofibers on a large
scale such as multiple-needle electrospinning [68], needleless electrospinning [69], multinozzle air-jet
electrospinning [70], and so on. The strategy reported here for cutting the cost of electrospun nanofibers
due to electrical consumption can be combined with those large-scale production methods for a bright
future of commercial electrospun products.

(a) (b)
80 4 D@ 80 A‘
T a
S 60+ S 60+
= P;=-0.08 +0.81Q4 = P, =-0.09 + 0.82Q,
2 401 (R1=0.9984) 2 40 (R,=0.9959)
o 204 o 204
o o
e =] 04a
0 20 40 60 8 100 0 20 40 60 80 100
Dissolution (%, Q) Dissolution (%, Q)
C
(©) ] P;=-0.12+087Q,; "

8 (R;=0.9936)

6 A

Permeation (%, P)

T T T T T T

0 2 4 6 8 10 12
Dissolution (%, Q)

Figure 11. Relationship between the in vitro dissolution and ex vivo permeation data of N1 (a), N2 (b),
and the raw KET powders (c).

4. Conclusions

Two key steps influence the efficiency of electric energy to drive electrospinning, i.e., the effective
delivery of a high voltage to the working fluid and the easy initiation of the Taylor cone. Two engineering
strategies were explored to implement an energy-saving process based on a homemade spinneret with
a concentric structure but a solid Teflon-core needle. Compared with traditional metal tube-based
electrospinning, the new process consumed only 53.9% of the electric energy for a similar preparation.
The nanofibers from the two processes showed no significant differences in terms of morphology,
size distribution, and amorphous properties. The nanofibers had similar in vitro dissolution rates
and ex vivo drug permeation functional performances, which were over 10 times better than that of
raw KET powders. As commercial electrospun products are increasingly introduced to the market,
energy savings in working processes could be expected to draw attention in efforts to reduce the
production cost of functional nanofibers. The proposed protocol presents a new electrospinning
technique that could be employed for energy-saving nano fabrication and explorations of new
theoretical issues associated with electric energy—fluid interactions in EHDA.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/10/2421/s1,
Figure S1: Polarized microscopic images of the EHDA products from working fluids with varied PVP and KET
concentrations, which were created using the coaxial spinneret with a core solid Teflon rod: (a) E1; (b) E2; (c) N2;
(d) E3; (e) E4; (f) E5. Figure S2: Observations of the fast disappearance of a drop of water when it is placed on the
surface of electrospun nanofibers N1. Figure S3. Observations of the fast disappearance of a drop of water when it
is placed on the surface of electrospun nanofibers N2. Table S1: The parameters for EHDA processes on different
working fluids.
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