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The poor solubility of numerous drugs pose a long-existing challenge to the
researchers in the fields of pharmaceutics, bioengineering and biotechnology.
Many “top-down” and “bottom-up” nano fabrication methods have been
exploited to provide solutions for this issue. In this study, a combination strategy
of top-down process (electrospinning) and bottom-up (self-emulsifying) was
demonstrated to be useful for enhancing the dissolution of a typical poorly
water-soluble anticancer model drug (paclitaxel, PTX). With polyvinylpyrrolidone
(PVP K90) as the filament-formingmatrix and drug carrier, polyoxyethylene castor oil
(PCO) as emulsifier, and triglyceride (TG) as oil phase, Both a single-fluid blending
process and a coaxial process were utilized to prepare medicated nanofibers.
Scanning electron microscope and transmission electron microscope (TEM)
results clearly demonstrated the morphology and inner structures of the
nanofibers. The lipid nanoparticles of emulsions after self-emulsification were
also assessed through TEM. The encapsulation efficiency (EE) and in vitro
dissolution tests demonstrated that the cores-shell nanofibers could provide a
better self-emulsifying process int terms of a higher EE and a better drug
sustained release profile. Meanwhile, an increase of sheath fluid rate could
benefit an even better results, suggesting a clear process-property-performance
relationship. The protocols reported here pave anewway for effective oral delivery of
poorly water-soluble drug.
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1 Introduction

Solubility of drug is one of the most important standpoints for developing drug delivery
systems (DDSs) for oral administration, the most popular and convenient route for the
patients (Khan et al., 2015; Lv et al., 2021; Zhang et al., 2022a; Ejeta et al., 2022). However, the
number of drug candidates with low solubility and high permeability (BCS Class II
medicines) is always increasing, and the high water-soluble and permeable drug
candidates occupy only 8% in pharmaceutical industry (Ortega et al., 2020; Köse et al.,
2021; Ning et al., 2021; Chen et al., 2022a; Yu and Zhao, 2022). Thereby, the poor solubility of
drugs pose a long-existing and difficult challenge to the researchers in the fields of
pharmaceutics, bioengineering and biotechnology (Butreddy et al., 2021; Cai et al., 2021;
Feng and Hao, 2021; Salerno and Netti, 2021; Sultana et al., 2021; Obeidat and Al-Natour,
2022). Many “top-down” and “bottom-up” nano fabrication methods have been exploited to
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provide solutions for this issue (Esim and Hascicek, 2021; Tabakoglu
et al., 2022; Tang et al., 2022a; Vega-Vásquez et al., 2020).

Paclitaxel (PTX) is one of the most representative anticancer
drugs, and it is the most excellent natural anticancer drug
(Markman and Mekhail, 2002). In 1963, Wani and Wall first
isolated the crude extract of paclitaxel. Due to the low content of
active components, it was difficult to purify it. It was not until
1971 that the chemical structural formula of paclitaxel was
determined (Martin, 1993; Zhang et al., 2013). Clinically, Taxol
(PTX) has a good anti-tumor effect, especially for ovarian cancer,
uterine cancer and breast cancer with high incidence rate of cancer
(Zhang et al., 2013). It is considered to be one of the most effective
anticancer drugs in the next 20 years. PTX has broad-spectrum anti-
tumor activity. It is a drug that stabilizes microtubules and selectively
destroys microtubule dynamics, thus inducing mitotic arrest leading
to cell death (Figure 1). Because of its strong anti-tumor activity, PTX
is often used in the treatment of esophageal cancer, bladder cancer,
prostate cancer, cervical cancer, gastric cancer, head and neck cancer,
endometrial cancer, oligodendrocytoma and testicular cancer (Martin,
1993). Although PTX and its analogues play an important role in
conventional cancer chemotherapy, the development of intravenous
PTX is difficult due to its poor solubility in water. Meanwhile, it has
been reported that PTX injection can cause severe reactions such as
bronchospasm and hypotension (Zhang et al., 2013). Therefore, PTX
has been widely exploited as the model of poorly water-soluble drug in
solving the issues of effective oral administration.

Self-emulsifying drug delivery system (SEDDS), as a kind of drug
delivery system, has a history of more than 10 years (Agrawal et al.,
2015; Khan et al., 2015). Self-emulsifying tablets have been used in
clinical medicine since the 1990s (Truong et al., 2016). The advantage of
this DDS is that it can not only form spontaneously absorbed small
microemulsion through the kinetic energy generated by gastrointestinal
peristalsis, but also can be administered through the simplest way of oral
administration (Zaghloul et al., 2019; Li et al., 2021; Miar et al., 2021),

and it can also encapsulate poorly water-soluble drugs to make it more
stable (Patel and Sawant, 2009; Chouhan et al., 2015; McClements,
2015).

The development of DDS also stimulates the development of raw
material selection and the introduction of advanced techniques as
pharmaceutical methods (Feng and Hao, 2021). Electrospinning is one
of the powerful methods for continuous production of drug loaded
nanofibers (Xue et al., 2019; Liu et al., 2022a; Sivan et al., 2022b; Cao
et al., 2022; Han et al., 2022; Lv et al., 2022), and electrospun
nanofibers have been demonstrated their potential applications in
almost all kinds of scientific fields such as energy, environment,
medical and food (Pang et al., 2021; Jiang et al., 2022a; Li et al.,
2022a; Bai et al., 2022; Xu et al., 2022; Yu et al., 2023). As a top-down
technology, electrospinning is famous for its simplicity, efficiency and
flexibility in direct preparation of nanofibers (Du et al., 2022; Huang
et al., 2022; Yao et al., 2022). At present, there are many researches
using electrospinning as a tool to construct medicated nanofibers
(Huang et al., 2021; Peng et al., 2021; El-Shanshory et al., 2022;
Hameed et al., 2022). These electrospun active nanofibers have
been demonstrated to be useful for providing all kind of drug
release profiles, such as pulsatile release, sustained release, delayed
release, biphasic release, targeted release in a direct manner (Sivan
et al., 2022a; Wang et al., 2022a; Jiang et al., 2022b; Liu et al., 2022b;
Wang et al., 2022b; Zhao et al., 2022); and also for tissue engineering,
wound dressing, and other regeneration medicines during the past two
decades (Zhang et al., 2021a; Brimo et al., 2021; Zhao et al., 2021b;
Chen et al., 2022b; Guo et al., 2022; Mosallanezhad et al., 2022; Shen
et al., 2022; Sun et al., 2022).

However, there is very limited reports on the research to combine
electrospinning with self-emulsifying methods to develop new types of
drug delivery system. Thus, in the present study, both monolithic
nanocomposites from the single-fluid blending process and core-
sheath hybrids from the coaxial electrospinning were prepared and
utilized as templates to manipulate the self-emulsifying processes. The

FIGURE 1
Mechanism of paclitaxel action.
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encapsulation efficiency and drug release profiles were exploited to
evaluate the self-assembled emulsions.

2 Materials and methods

2.1 Materials

Paclitaxel (PTX) was purchased from Shanghai Hao-Sheng
Biotechnol. Co. Ltd. (Shanghai, China). Polyvinylpyrrolidone (PVP
K90, M = 360,000), polyoxyethylene castor oil (PCO, as emulsifier),
and triglyceride (TG, as oil phase) were obtained from Shanghai
Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).
Anhydrous ethanol was obtained from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Water was double-distilled
just before usage.

2.2 Electrospinning

Four working fluids were prepared, which are included in Table 1.
The first working fluid was a mixed solution in anhydrous ethanol,
which contained 8% (w/v) of the polymeric matrix PVP K90, 1.61%
(w/v) of the drug PTX, 4% (w/v) of the emulsifier PCO and 2.5% (w/v)
of the oil phase TG. A single fluid blending process was exploited to
transfer it into solid composite nanofibers, which are denoted as
S1 with a drug content of 10% (w/w).

The second sample was prepared using a coaxial electrospinning.
A solution containing 3.22% (w/v) of drug and 8% (w/v) of PVP
K90 was exploited as a core fluid. A solution containing 8% (w/v) of
the emulsifier PCO, 5% (w/v) of the oil phase TG and 8% (w/v) of PVP
K90 was exploited as a sheath fluid. The resultant core-shell nanofibers
are denoted as S2, whose drug content is 10% (w/w). The third sample
was similarly prepared using a coaxial electrospinning. A solution
containing 5.56% (w/v) of drug and 8% (w/v) of PVP K90 was
exploited as a core fluid. A solution containing 8% (w/v) of the
emulsifier PCO, 5% (w/v) of the oil phase TG and 8% (w/v) of
PVP K90 was exploited as a sheath fluid. The resultant core-shell
nanofibers are denoted as S3, whose drug content is 10% (w/w).

These arrangements are aimed to disclose the influences of two
factors (the core-shell structure, and its shell thickness) on the self-
emulsifying processes.

The experimental apparatus was a homemade electrospinning
system. A homemade concentric spinneret was exploited to conduct
both the single-fluid electrospinning for preparing S1 and also the
coaxial electrospinning for fabricating S2 and S3. To keep a continuous
and stable working process, the applied voltage values during the

fabrication was between 12 and 14 kV. The deposition distance was
fixed at 15 cm. The environmental parameters included a room
temperature of 25°C ± 2°C and a relatively humidity of 51% ± 6%.
The collected fibrous films were placed in a dryer to a constant weight,
and then were folded and sealed in a self-sealing bag for preservation.

2.3 Morphology and inner structure
observation of nanofibers

The fibrous films were cut into small patches, which were fixed on
the double-sided conductive adhesive. After sprayed with Pt under a
nitrogen atmosphere for 60 s, the samples were assessed using a
scanning electron microscope (SEM, Quanta FEG-450, FEI
corporation, United States). The nanofibers’ sizes were estimated
on the SEM images through about 100 places using the ImageJ
software (NIH, United States).

The inner structures of the prepared nanofibers S1, S2, and S3 were
evaluated using a transmission electron microscope (TEM, JEM 2200-
F, JEOL, Japan). The samples were collected by placing the copper
grid-supported carbon films above the collectors for 2 min to collect
some nanofibers.

2.4 Analysis of self-emulsifying properties of
electrospun fibers

2.4.1 Drug loading efficiency
A weight of 100 mg fibrous samples was placed into 500 ml water

to observe the self-emulsifying processes. The resultant liquids were
semitransparent emulsions. The average hydrodynamic diameter and
size distribution were assessed using BI-200SM static and dynamic
light scattering instruments (SDLC, Brookhaven Instruments
Corporation, Austin, Texas, United States).

Meanwhile, a millimeter of the self-assembled emulsion was
diluted 10 times, and a drop of the diluted emulsion was dripped
on the carbon films supported by 200 mesh copper grids. After
naturally dried in the open air, the samples were assessed using the
TEM as the above-mentioned manner.

The supernatant of 10 ml self-assembled emulsion was separated
from drug-loaded lipid particles by ultra-centrifugation. The free PTX
concentration in the supernatant (Ws, μg/ml) was measured using a
UV-vis spectrophotometer (Unico Instrument Co., Ltd., Shanghai,
China) at 228 nm (the maximum absorption peak). A volume of 10 ml
emulsion was mixed with 10 ml anhydrous ethanol for releasing all the
loaded PTX through demulsification. The general PTX concentration
(Wg, μg/ml) in the self-emulsified liquids could be determined.

TABLE 1 Detailed preparation parameters of nanofibers.

No. Electro-spinning Components and compositions (w/v%) Flow rate
(ml/h)

Theoretical drug loading

Core Sheath Core Sheath

S1 Blending PTX 1.61% + PVP 8% + TG 2.5% + PCO 4% None 1.0 None 10%

S2 Coaxial PTX 3.22% + PVP 8% TG 5% + PCO 8% + PVP 8% 0.5 0.5 10%

S3 Coaxial PTX 5.56% + PVP 8% TG 5% + PCO 8% + PVP 8% 0.5 1.0 10%
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Thereby, the EE values of the self-emulsification processes can be
achieved through the following Eq. 1:

EE %( ) � Wg −Ws

Wg
× 100% (1)

2.4.2 In vitro drug release tests
Onemilliliter of the self-emulsified liquids were placed in a dialysis

tube (MWCO = 3,500 Da). An amount of 5.0 mg PTX raw powders
were also investigated as a control. The dialysis sac was then dialyzed
in 100 ml of phosphate buffer solution (PBS, pH = 6.8, 0.1 M) at a
constant temperature of 37°C and a stirring rate of 50 rpm. At
predetermined times, the PBS was removed and replaced with the
same volume of fresh PBS solution. The amount of drug released was
determined by UV-vis spectrophotometer, as mentioned above.
Released studies were conducted three times, and mean values were
plotted against time.

3 Results and discussion

3.1 Electrospinning processes and its
strategies for self-emulsifying

In general, SEDDS is an anhydrous pre-nanoemulsion dosage
form, which mainly contain isotropic mixtures of oil, surfactant, co-
surfactant, drug and polymer molecules traditionally (Chouhan et al.,
2015; Nikmaram et al., 2018; Zaghloul et al., 2019). When introduced
into aqueous phase of gastric motility, SEDDS is expected to rapidly
converted into lipophilic globules, which are often at a nanoscale.
Through this way, the solubility and adsorption through
gastrointestinal mucosa of a poorly water-soluble drug can be
significantly enhanced (Patel and Sawant, 2009; Gao et al., 2020).

Electrospinning is able to provide a series of strategies for developing
some types of SEDDS. Shown in Figure 2 are diagrams about two
different nanofibers-based SEDDS. The first one is the monolithic
nanofibers that all the components including drug PTX, emulsifying
agent, oil are homogeneously distributed all over the polymeric matrix,
which can be easily fabricated from a single-fluid or uniaxial blending
electrospinning. The second one is the core-shell nanofibers, in which
drug is loaded in the core section, whereas the emulsifying agent and
oil are located at the shell section. These components’ arrangement are
expected to ensure a better self-emulsifying process.

Although electrospinning is facile to implement, its process can be
improved from several aspects such as the capability of creating
complicated nanostructures, production on a large scale, creation
of novel functional nanofibers and energy-saving (Kang et al.,
2020; Wang et al., 2020; Zhao et al., 2021a; Zhang et al., 2021b;
Liu et al., 2022c; Liu et al., 2022d). Shown in Figure 3 are records about
the implementations of the single-fluid and coaxial electrospinning in
this investigation. The diagram in Figure 3A tells the most
fundamental four parts in an electrospinning system, i.e., a
spinneret, a grounded collector, a high voltage generator, one or
more syringe pumps. The key symbol of the commence of an
electrospinning process is the formation of Taylor cone. For coaxial
electrospinning, the Taylor cone should be a typical core-shell
compound one (as indicated by the bottom-right inset of Figure 3A).

A digital picture about the homemade spinneret is given in
Figure 3B. The most significant characteristic is that the spinneret
was made from a combination of metal, adhesive (epoxy resin), and
plastics. Different with the commercial concentric spinneret, in
which all section are made of stainless steel, the homemade
spinneret left only a small section of the metal capillary open to
the environment for the input of the electrostatic energy. This kind of
spinneret was demonstrated to be useful for saving energy. The
mechanism is diagrammed in Figure 3C. At the nozzle of spinneret,

FIGURE 2
Two strategies from electrospun nanofibers for acting as self-emulsifying drug delivery systems.
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the charges will move to the surface of shell working fluid naturally to
form the compound Taylor cone. During the transportation process,
the energy dispersed to the environment will be reduced as smaller as
possible.

Figures 3D, E are digital images taken during the preparations of
samples S1 and S2, respectively. In Figure 3D, the sheath section had
no working fluid, thus, a concentric spinneret was exploited to conduct
a single-fluid blending process. In Figure 3E, the double-layer
compound Taylor cone could be clearly observed when both core
and shell working fluids were pumped to the nozzles of spinneret.

3.2 Electrospinning and morphology
observation of nanofibers

Figure 4 shows the SEM images of the three types of nanofibers. All
of them have a straight linear morphology with smooth surface. In
Figure 4A, the monolithic nanofibers S1 have an average diameter of
1.03 ± 0.26 μm. In Figure 4B, the average diameter of core-shell
nanofibers S2 is 1.17 ± 0.34 μm. Both S1 and S2 were fabricated
with a total fluid flow rate of 1.0 ml/h. When the total flow rate was
increased from 1.0 ml/h to 1.5 ml/h for fabricating nanofibers S3, the
applied voltage was also elevated from 12 kV to 14 kV for avoiding the
dropping of working fluid on the fiber collector. Meanwhile, the
average diameters of the resultant core-shell nanofibers S3 had a
significant increase to 1.53 ± 0.48 μm.

The TEM images of the three kinds of nanofibers are included in
Figure 5. Just as anticipated, nanofibers S1 from the single-fluid
blending electrospinning have a homogeneous structure, as
indicated by the similar gray levels all over the nanofibers. In
contrast, both nanofibers S2 and S3 have the obvious core-shell
structures. By estimations, S2 and S3 fibers have a thickness of
180 and 320 nm, respectively. The increase of sheath fluid flow rate
obviously increased the diameters of the whole nanofibers and also the
thicknesses of their shell sections.

3.3 Analysis of self-emulsifying properties of
electrospun fibers

The TEM observations about the nano emulsion particles
assembled from the three sorts of nanofibers are included in
Figure 6. All the assembled particles have a diameter around
100 nm. Figures 6A, B are particles self-assembled from the
homogeneous nanofibers S1 under different magnifications. These
particles are round and have a clear boundary, suggesting that the
hydrophobic and insoluble components PTX, TG and PCO could
aggregate effectively within the nanofibers after the dissolution of the
polymeric matrix PVP K90 during the self-emulsifying processes.

Similarly, the particles self-assembled from the core-sheath
nanofibers S2 (Figures 6C, D) and those from the nanofibers S3
(Figures 6E, F) have a round morphology with obvious boundaries.

FIGURE 3
Implementation of the single-fluid and coaxial electrospinning for creating SEDDS: (A) A diagram showing the components of an electrospinning system;
(B) The homemade concentric spinneret; (C) The electrohydrodynamic mechanism of ensuring an energy-saving process; (D) A typical Taylor cone of the
single-fluid blending electrospinning; and (E) a coaxial electrospinning process.
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Although the “core-sheath” templates (nanofibers S2 and S3) are
different with the monolithic composites (nanofibers S1), the self-
assembled particles are similar. The intentional distributions of

components on the cores-shell nanostructures exhibited no
significant influences on the assembled particles’ morphology.
However, the real molecular behaviors during the self-emulsifying

FIGURE 4
SEM images of the electrospun nanofibers under different magnifications: (A) and (B) S1; (C) and (D) S2; (E) and (F) S3.

FIGURE 5
TEM images of the electrospun nanofibers: (A) S1; (B) S2; (C) S3.
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processes should be different between the monolithic S1 and the core-
sheath S2 and S3.

The particle size and size distribution of self-emulsified particles
were tested by the dynamic light scattering. The results are included in
Figure 7. The average sizes of emulsion particles self-assembled from
nanofibers S1, S2, and S3 were 83.35 nm (Figure 7A), 95.96 nm
(Figure 7B) and 102.00 nm (Figure 7C), respectively.

It can be seen from Figures 4, 6 that the average diameter of
nanofibers and the average particle size of emulsion are positively
correlated. That is to say, the smaller the diameter of self-emulsifying
fiber, the smaller the emulsion particle size and the better the
emulsification results. Two key elements influence the self-
emulsification. One is the components that loaded into the
nanofibers and their reasonable ratios, which can draw supports
from the traditional pharmaceutical knowledge. The other is the
nanofibers’ diameter and inner structures. As for controlling the
nanofibers’ diameter for a better self-emulsification. The
components and their ratios can be kept constant, whereas the
fibers’ diameters and inner structures can be manipulated for a
better self-emulsifying process.

The small emulsion particles need to pass through the
gastrointestinal mucosa for the final adsorption for oral
administration. Thus, in general, the smaller the particle size is, the
easier it is to be absorbed by the body; and the smaller the particle size,
the more the number of particles can pass through, thereby the higher
the content of the drug absorbed by the human body. One of the

reasons is that when the diameter of the fiber is smaller, its specific
surface area is larger, and it can disperse quickly and well when it
contacts with water. Another reason is due to the physical and
chemical properties of the components themselves, which have an
effect on the diameter of the electrospun nanofibers. In this study, the
aim is to disclose the influences of different kinds of electrospun inner
structures (i.e., monolithic and core-sheath) on the self-emulsifying.
As for how to manipulate the diameters of nanofibers, and in turn the
size of self-assembled particles, they will be investigated in another
study, where modified coaxial and modified triaxial electrospinning
with outer fluids of pure solvents will be exploited.

3.4 Function performances of the PTX-SEDDS
electrospun nanofibers

The standard curve of PTX for UV-vis spectroscopic
measurements was A = 2.6801C-0.0137 (R2 = 0.99755), where A
represents the absorbance of PTX at 228 nm and C represents the PTX
concentration in the sample solutions (μg/ml). The measured contents
from the self-emulsified emulsions for the nanofibers S1, S2, and S3 are
10.15 ± 0.27%, 9.76 ± 0.42%, and 9.81 ± 0.34%, respectively. These
values are closely with the theoretical calculation data, i.e., 10% PTX in
the solid nanofibers, suggesting that the electrospinning can
completely encapsulate the PTX into the nanofibers, regardless of a
single-fluid or a coaxial process. The reason is that the electrospinning

FIGURE 6
TEM images of the lipid particles suspended in the self-emulsified liquids: (A) and (B) S1, (C) and (D) S2, (E) and (F) S3.
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is just a physical drying process, and the drying rate is extremely fast.
Meanwhile, the drug PTX is stable without sublimation property.
Thus, there is no any loss of PTX during the different electrospinning
procedures.

After self-emulsifying, 22.1%, 11.6%, and 8.3% of the PTX were
dissolved into the supernatant for nanofibers S1, S2, and S3,
respectively. These data mean that the EE (%), i.e. the ratio of
drug encapsulated into the emulsion particles during self-
emulsification, are 77.9%, 88.4% and 91.7% for S1, S2, and S3,
respectively. The monolithic nanostructure of S1 released the
most PTX to the environment. This is because of the
homogeneous distribution of PTX all over the nanofibers S1,
which means that there were many PTX molecules were
distributed on the surface of S1. These molecules were easy to
free into the environment during the formation of emulsion
particles during the self-emulsification processes. In sharp
contrary, the core-shell nanostructures S2 and S3 have no PTX
on the surfaces. All the PTX molecules were located into the core
section of nanofibers. Thus, during the self-emulsifying processes,
the sheath components TG and PCO are easy to assemble around the
PTX to form the emulsion particles. Meanwhile, the thicker the
sheath section is, the better the encapsulation effect has. Thus, core-
shell fibers S3 has a slightly higher value of 91.7 than S2 of 88.4%.

The results from the in vitro dissolution tests are included in
Figure 8, in which the raw drug particles’ dissolution behaviors were
exploited as a control. During the first 10 min, the drug released
contents from the self-emulsified solutions of S1, S2, S3, and PTX
powders are 47.5 ± 4.5%, 36.5 ± 3.8%, 31.6 ± 4.3%, and 3.4 ± 2.1%,
respectively. Thus, the PTX release ratios from the self-emulsified
emulsion particles during the first 10 min were 25.4%, 24.9%, and
23.3% for S1, S2, and S3, respectively (subtracting the sections during
self-emulsification, i.e., 22.1%, 11.6% and 8.3%). After 4 h, the PTX
released contents for S1, S2, S3 and PTX powders are 96.8 ± 5.2%,
93.2 ± 4.7%, 90.5 ± 5.2%, and 11.2 ± 4.2%, respectively. It can be
concluded that, on one hand, the electrospun nanofibers-based
SEDDS are able to enhance the dissolution of PTX. On the other
hand, the SEDDS are able to provide an extended release profiles for
eliminating the possible toxicity resulted from pulsatile release.
Meanwhile, the cores-sheath structures S2 and S3 had a better
sustained release profiles than the monolithic S1 in terms of initial
burst release, and S3 with a thicker sheath layer showed a better result
than S2.

In order to reveal the drug release mechanism of PTX from the
self-emulsified particles, Peppas Eq. 2 was used to fit the experimental
data (Peppas and Narasimhan, 2014).

Q t( ) � ktn or LogQ t( ) � nLogQ t( ) + A (2)
In the equation, Q is the accumulative drug release percentage

when the time is t, k, and A are constant values, and the index n is an
important parameter to indicate the drug release mechanism. When
n < 0.45, it indicates that the drug is released through the typical
Fickian mechanism; when n > 0.89, it indicates that the drug is
released through the skeleton dissolution mechanism; when n is
between them, it indicates that the drug is released through the
mixed mechanism. It can be seen from Figure 9 that the diffusion
indexes of n for nanofibers S1, S2 and S3 are 0.23, 0.27, and
0.32 respectively. All these values are smaller than the critical value
of 0.45, indicating that the typical Fickian mechanism has played its
role in manipulating the PTX molecules release from the self-
emulsified particles in the emulsions.

FIGURE 7
Particle size distribution measured using the laser particle size
analyzer (A) S1; (B) S2; (C) S3.

FIGURE 8
In Vitro drug release profiles from the nanofibers S1, S2, S3 and the
raw PTX particles.
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3.5 Engineering mechanisms

A diagram showing the engineering mechanism on a molecular
scale of the electrospun nanofibers-based SEDDS is proposed in
Figure 10. Firstly, the electrospinning, both the single-fluid
blending process and the coaxial process, is a very fast “top-
down” conversion process, by which solutions are converted
into solid polymer-based composites. The homogeneous
distribution state of components in the working fluids are
propagated into the nanofibers. Thus the electrospun nanofibers
can be viewed as a mixture on a molecular scale (in pharmaceutics,
medicated nanofibers are often called molecular solid dispersion)
(Xie et al., 2021; Ziyadi et al., 2021; Afshar et al., 2022; Zhou et al.,
2022).

When these nanofibers are placed into water, the soluble
polymeric matrix will absorb water, swell, disentangle, and free

into the bulk solution. During these processes, the anchored
insoluble molecules such as PTX, PCO and TG will free from the
polymeric restriction but within the confined region regulated by the
nanofibers’ diameter. The hydrophobic interactions between
themselves and from the surrounding water molecules will
promote the self-aggregation to form the emulsion particles.
These emulsion particles not only enhance the dissolution of
PTX, but also benefit a useful trans-membrane for adsorption
with smaller gastrointestinal irritation. The cytotoxicology tests
and animal experiments of these nanofiber-based SEDDS will be
further conducted in future.

In this nano era, more and more “top-down” and “bottom-up”
techniques are developed for bioengineering and biotechnology,
accompanied with a series of novel functional materials such as
hydrogels and new types of polymers (Li et al., 2022b; Zhang et al.,
2022b; Wang et al., 2022c; Wang et al., 2022d Song et al., 2022; Wang

FIGURE 9
Drug release mechanisms based on Peppas equation: (A) S1; (B) S2; (C) S3.

FIGURE 10
A molecular mechanism of electrospun nanofiber-based SEDDS.
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and Feng, 2022; Zhu et al., 2022) and even inorganic nanoparticles
(Tang et al., 2022b; Chen et al., 2022c; Wu et al., 2022). The present
protocols showed a frontier, in which the combination of a top-down
electrospinning and a bottom-up of molecular self-emulsifying was
explored to fabricate biomedical materials for resolving one of the
most difficult challenges, i.e. the therapeutic delivery of poorly water-
soluble drugs.

4 Conclusion

In this study, PVP K90 was used as a filament-forming matrix
and meanwhile a carrier of oil phase, emulsifier and insoluble
model drug for preparing SEDDS using both a single-fluid blending
and two coaxial electrospinning processes. Electrospun monolithic
nanofibers S1 and core-sheath nanofibers S2 and S3 were loaded
with a fixed PTX content of 10%. These nanofibers are
demonstrated to have the linear morphology and homogeneous
or cores-sheath structures through the assessments of SEM and
TEM. The TEM and SDLC experiments were conducted to
characterize the self-emulsified emulsions. The particles’ sizes
self-assembled from S1, S2, and S3 are 83.35 nm, 95.96 and
102.00 nm, respectively. The evaluation of EE and in vitro
dissolution tests suggested that the functional performances
have an order of S1 ˂ S2 ˂ S3. A core-sheath structure is a better
template for manipulating self-emulsifying than the monolithic
nanofibers. Meanwhile, the thickness of the sheath section in the
core-sheath structure can generate a positive influence on the self-
emulsified emulsions, which can be facilely tailored by the sheath
fluid flow rate during the preparation process. The protocols
reported here pave a new way for effective oral delivery of
poorly water-soluble drug.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding authors.

Author contributions

RG—Conception, funding acquisition, Data collection and
interpretation, Writing—Original editing; YJ—Investigation, Data
analysis and interpretation, Writing review draft; YD—Investigation,
Data analysis and interpretation, Writing review draft; CH—Software;
HH—Resources; D-GY—Validation, design of the work, Supervision
and Final approval of the version to be published.

Funding

This study is supported by Medical Engineering Cross Project
between University of Shanghai for Science & Technology and Naval
Medical University (No. 2020-RZ05) and the Shanghai Natural
Science Foundation (No. 20ZR1439000).

Acknowledgments

RG thanks the support of Wu Mengchao Talent Plan Fund.

Conflict of interest

YD was employed by the company Sinopec Shanghai Engineering
Co., Ltd.

The remaining authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

References

Afshar, S. K., Abdorashidi, M., Dorkoosh, F. A., and Javar, H. A. (2022). Electrospun
fibers: Versatile approaches for controlled release applications. Int. J. Polym. Sci. 2022,
9116168. doi:10.1155/2022/9116168

Agrawal, A. G., Kumar, A., and Gide, P. S. (2015). Self-emulsifying drug delivery system
for enhanced solubility and dissolution of glipizide. Colloids Surf. B 126, 553–560. doi:10.
1016/j.colsurfb.2014.11.022

Bai, Y., Liu, Y., Lv, H., Shi, H., Zhou, W., Liu, Y., et al. (2022). Processes of electrospun
polyvinylidene fluoride-based nanofibers, their piezoelectric properties, and several
fantastic applications. Polymers 14, 4311. doi:10.3390/polym14204311

Brimo, N., Serdaroğlu, D. Ç., and Uysal, B. (2021). Comparing antibiotic pastes with
electrospun nanofibers as modern drug delivery systems for regenerative endodontics.
Curr. Drug Deliv. 19 (9), 904–917. doi:10.2174/1567201819666211216140947

Butreddy, A., Nyavanandi, D., Narala, S., Austin, F., and Bandari, S. (2021). Application
of hot melt extrusion technology in the development of abuse-deterrent formulations: An
overview. Curr. Drug Deliv. 18 (1), 4–18. doi:10.2174/1567201817999200817151601

Cai, M. H., Chen, X. Y., Fu, L. Q., Du, W. L., Yang, X., Mou, X. Z., et al. (2021). Design
and development of hybrid hydrogels for biomedical applications: Recent trends in
anticancer drug delivery and tissue engineering. Front. Bioeng. Biotechnol. 9, 630943.
doi:10.3389/fbioe.2021.630943

Cao, X., Chen, W., Zhao, P., Yang, Y., and Yu, D.-G. (2022). Electrospun porous
nanofibers: Pore−Forming mechanisms and applications for photocatalytic degradation

of organic pollutants in wastewater. Polymers 14 (19), 3990. doi:10.3390/
polym14193990

Chen, J., Zhang, G., Zhao, Y., Zhou, M., Zhong, A., and Sun, J. (2022b). Promotion of
skin regeneration through Co-axial electrospun fibers loaded with basic fibroblast growth
factor. Adv. Compos. Hybrid. Mater. 5 (2), 1111–1125. doi:10.1007/s42114-022-00439-w

Chen, L. J., Jiang, X. W., Lv, M., Wang, X. L., Zhao, P. R., Zhang, M., et al. (2022c).
Reductive-damage-induced intracellular maladaptation for cancer electronic interference
therapy. Chem 8 (3), 866–879. doi:10.1016/j.chempr.2022.02.010

Chen, W., Zhao, P., Yang, Y., and Yu, D.-G. (2022a). Electrospun beads-on-the-string
nanoproducts: Preparation and drug delivery application. Curr. Drug Deliv. 19, 1–17.
doi:10.2174/1567201819666220525095844

Chouhan, N., Mittal, V., Kaushi, k. D., Khatkar, A., and Raina, M. (2015). Self
emulsifying drug delivery system (SEDDS) for phytoconstituents: A review. Curr. Drug
Deliv. 12 (2), 244–253. doi:10.2174/1567201811666141021142606

Du, Y., Zhang, X., Liu, P., Yu, D.-G., and Ge, R. (2022). Electrospun nanofiber-based
glucose sensors for glucose detection. Front. Chem. 10, 944428. doi:10.3389/fchem.2022.
944428

Ejeta, F., Gabriel, T., Joseph, N.M., and Belete, A. (2022). Formulation, optimization and
in vitro evaluation of fast disintegrating tablets of salbutamol sulphate using a combination
of superdisintegrant and subliming agent. Curr. Drug Deliv. 19 (1), 129–141. doi:10.2174/
1567201818666210614094646

Frontiers in Bioengineering and Biotechnology frontiersin.org10

Ge et al. 10.3389/fbioe.2023.1112338

https://doi.org/10.1155/2022/9116168
https://doi.org/10.1016/j.colsurfb.2014.11.022
https://doi.org/10.1016/j.colsurfb.2014.11.022
https://doi.org/10.3390/polym14204311
https://doi.org/10.2174/1567201819666211216140947
https://doi.org/10.2174/1567201817999200817151601
https://doi.org/10.3389/fbioe.2021.630943
https://doi.org/10.3390/polym14193990
https://doi.org/10.3390/polym14193990
https://doi.org/10.1007/s42114-022-00439-w
https://doi.org/10.1016/j.chempr.2022.02.010
https://doi.org/10.2174/1567201819666220525095844
https://doi.org/10.2174/1567201811666141021142606
https://doi.org/10.3389/fchem.2022.944428
https://doi.org/10.3389/fchem.2022.944428
https://doi.org/10.2174/1567201818666210614094646
https://doi.org/10.2174/1567201818666210614094646
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1112338


El-Shanshory, A. A., Agwa, M. M., Abd-Elhamid, A. I., Soliman, H. M. A., Mo, X., and
Kenawy, E.-R. (2022). Metronidazole topically immobilized electrospun nanofibrous
scaffold: Novel secondary intention wound healing accelerator. Polymers 14 (3), 454.
doi:10.3390/polym14030454

Esim, O., and Hascicek, C. (2021). Lipid-coated nanosized drug delivery systems for an
effective cancer therapy. Curr. Drug Deliv. 18 (2), 147–161. doi:10.2174/
1567201817666200512104441

Feng, X., and Hao, J. (2021). Identifying new pathways and targets for wound healing
and therapeutics from natural sources. Curr. Drug Deliv. 18 (8), 1064–1084. doi:10.2174/
1567201818666210111101257

Gao, M., Yang, Y., Bergfel, A., Huang, L. L., Zheng, L., and Bowden, T. M. (2020). Self-
assembly of cholesterol end-capped polymer micelles for controlled drug delivery.
J. Nanobiotechnol. 18 (1), 13–10. doi:10.1186/s12951-020-0575-y

Guo, S. J., Wang, P. Y., Song, P., and Li, N. (2022). Electrospinning of botanicals for skin
wound healing. Front. Bioeng. Biotechnol. 10, 1006129. doi:10.3389/fbioe.2022.1006129

Hameed, A., Rehman, T. U., Rehan, Z. A., Noreen, R., Iqbal, S., Batool, S., et al. (2022).
Development of polymeric nanofibers blended with extract of neem (Azadirachta indica), for
potential biomedical applications. Front. Mater. 9, 1042304. doi:10.3389/fmats.2022.1042304

Han, W., Wang, L., Li, Q., Ma, B., He, C., Guo, X., et al. (2022). A review: Current status
and emerging developments on natural polymer-based electrospun fibers. Macromol.
Rapid Commun. 43, 2200456. doi:10.1002/marc.202200456

Huang, C., Dong, J., Zhang, Y., Chai, S., Wang, X., Kang, S., et al. (2021). Gold
nanoparticles-loaded polyvinylpyrrolidone/ethylcellulose coaxial electrospun nanofibers
with enhanced osteogenic capability for bone tissue regeneration.Mater. Des. 212, 110240.
doi:10.1016/j.matdes.2021.110240

Huang, X., Jiang, W., Zhou, J., Yu, D.-G., and Liu, H. (2022). The applications of ferulic-
acid-loaded fibrous films for fruit preservation. Polymers 14 (22), 4947. doi:10.3390/
polym14224947

Jiang, W., Zhang, X., Liu, P., Zhang, Y., Song, W., Yu, D.-G., et al. (2022b). Electrospun
healthcare nanofibers from medicinal liquor of phellinus igniarius. Adv. Compos. Hybrid.
Mater. 5 (4), 3045–3056. doi:10.1007/s42114-022-00551-x

Jiang, W., Zhao, P., Song, W., Wang, M., and Yu, D.-G. (2022a). Electrospun zein/
polyoxyethylene core-sheath ultrathin fibers and their antibacterial food packaging
applications. Biomolecules 12 (8), 1110. doi:10.3390/biom12081110

Kang, S., Hou, S., Chen, X., Yu, D.-G., Wang, L., Li, X., et al. (2020). Energy-saving
electrospinning with a concentric teflon-core rod spinneret to create medicated nanofibers.
Polymers 12, 2421. doi:10.3390/polym12102421

Khan, A. W., Kotta, S., Ansari, S. H., Sharma, R. K., and Ali, J. (2015). Self-
nanoemulsifying drug delivery system (SNEDDS) of the poorly water-soluble
grapefruit flavonoid naringenin: Design, characterization, in vitro and in vivo
evaluation. Drug Deliv. 22 (4), 552–561. doi:10.3109/10717544.2013.878003

Köse, M. D., Ungun, N., and Bayraktar, O. (2021). Eggshell membrane based turmeric
extract loaded orally disintegrating films. Curr. Drug Deliv. 19 (5), 547–559. doi:10.2174/
1567201818666210708123449

Li, C., Wang, J., Deng, C., Wang, R., and Zhang, H. (2022b). Protocol for atmospheric
water harvesting using in situ polymerization honeycomb hygroscopic polymers. Star.
Protoc. 3, 101780. doi:10.1016/j.xpro.2022.101780

Li, J., Guan, S., Su, J., Liang, J., Cui, L., and Zhang, K. (2021). The development of
hyaluronic acids used for skin tissue regeneration. Curr. Drug Deliv. 18 (7), 836–846.
doi:10.2174/1567201817666201202094513

Li, X., Niu, X., Chen, Y., K Yuan, K., He, W., Yang, S., et al. (2022a). Electrospraying
micro-nano structures on chitosan composite coatings for enhanced antibacterial effect.
Prog. Org. Coat. 174, 107310. doi:10.1016/j.porgcoat.2022.107310

Liu, X., Zhang, M., Song, W., Zhang, Y., Yu, D.-G., and Liu, Y. (2022c). Electrospun core
(HPMC–Acetaminophen)–Shell (PVP–sucralose) nanohybrids for rapid drug delivery.
Gels 8 (6), 357. doi:10.3390/gels8060357

Liu, Y., Chen, X., Gao, Y., Liu, Y., Yu, D., and Liu, P. (2022a). Electrospun core–sheath
nanofibers with variable shell thickness for modifying curcumin release to achieve a better
antibacterial performance. Biomolecules 12 (8), 1057. doi:10.3390/biom12081057

Liu, Y., Chen, X., Gao, Y., Yu, D.-G., and Liu, P. (2022b). Elaborate design of shell
component for manipulating the sustained release behavior from core–shell nanofibres.
J. Nanobiotechnol. 20 (1), 244. doi:10.1186/s12951-022-01463-0

Liu, Y., Lv, H., Liu, Y., Gao, Y., Kim, H. Y., Ouyang, Y., et al. (2022d). Progresses on
electrospun metal–organic frameworks nanofibers and their wastewater treatment
applications. Mater. Today Chem. 25, 100974. doi:10.1016/j.mtchem.2022.100974

Lv, H., Guo, S., Zhang, G., He, W., Wu, Y., and Yu, D.-G. (2021). Electrospun structural
hybrids of acyclovir-polyacrylonitrile at acyclovir for modifying drug release. Polymers 13
(24), 4286. doi:10.3390/polym13244286

Lv, H., Zhang, M., Wang, P., Xu, X., Liu, Y., and Yu, D.-G. (2022). Ingenious
construction of Ni (DMG)2/TiO2-decorated porous nanofibers for the highly efficient
photodegradation of pollutants in water. Colloids Surf. Physicochem. Eng. Asp. 650,
129561. doi:10.1016/j.colsurfa.2022.129561

Markman, M., and Mekhail, T. M. (2002). Paclitaxel in cancer therapy. Expert Opin.
Pharmacother. 3 (6), 755–766. doi:10.1517/14656566.3.6.755

Martin, V. (1993). Overview of paclitaxel (Taxol®). Semin. Oncol. Nurs. 9 (4), 2–5.
doi:10.1016/s0749-2081(16)30035-3

McClements, D. J. (2015). Nanoscale nutrient delivery systems for food applications:
Improving bioactive dispersibility, stability, and bioavailability. J. Food Sci. 80 (7),
1602–1611. doi:10.1111/1750-3841.12919

Miar, S., Ong, J. L., Bizios, R., and Guda, T. (2021). Electrically stimulated tunable drug
delivery from polypyrrole-coated polyvinylidene fluoride. Front. Chem. 9, 599631. doi:10.
3389/fchem.2021.599631

Mosallanezhad, P., Nazockdast, H., Ahmadi, Z., and Rostami, A. (2022). Fabrication and
characterization of polycaprolactone/chitosan nanofibers containing antibacterial agents
of curcumin and ZnO nanoparticles for use as wound dressing. Front. Bioeng. Biotechnol.
10, 1027351. doi:10.3389/fbioe.2022.1027351

Nikmaram, N., Roohinejad, S., Hashemi, S., Koubaa, M., Barba, F. J., Abbaspourrad, A.,
et al. (2018). Emulsion-based systems for fabrication of electrospun nanofibers: Food,
pharmaceutical and biomedical applications. RSC Adv. 7 (46), 28951–28964. doi:10.1039/
c7ra00179g

Ning, T., Zhou, Y., Xu, H., Guo, S., Wang, K., and Yu, D.-G. (2021). Orodispersible
membranes from a modified coaxial electrospinning for fast dissolution of diclofenac
sodium. Membranes 11 (11), 802. doi:10.3390/membranes11110802

Obeidat, W. M., and Al-Natour, M. A. (2022). Assessment of once daily controlled-
release ibuprofen matrix tablets prepared using eudragit ®E100/Carbopol® 971P NF
polymers and their salt combinations. Curr. Drug Deliv. 19 (1), 74–85. doi:10.2174/
1567201818999210625100126

Ortega, C. A., Favier, L. S., Cianchino, V. A., and Cifuente, D. A. (2020). New
orodispersible mini tablets of enalapril maleate by direct compression for pediatric
patients. Curr. Drug Deliv. 17 (6), 505–510. doi:10.2174/1567201817666200508093442

Pang, Y., Pan, J. Y., Yang, J. H., Zheng, S. Y., and Wang, C. S. (2021). Electrolyte/
electrode interfaces in all-solid-state lithium batteries: A review. Electrochem. Energy Rev.
4, 169–193. doi:10.1007/s41918-020-00092-1

Patel, D., and Sawant, K. K. (2009). Self micro-emulsifying drug delivery system:
Formulation development and biopharmaceutical evaluation of lipophilic drugs. Curr.
Drug Deliv. 6 (4), 419–424. doi:10.2174/156720109789000519

Peng, W., Ren, S., Zhang, Y., Fan, R., Zhou, Y., Li, L., et al. (2021). MgO nanoparticles-
incorporated PCL/Gelatin-Derived coaxial electrospinning nanocellulose membranes for
periodontal tissue regeneration. Front. Bioeng. Biotechnol. 9, 668428. doi:10.3389/fbioe.
2021.668428

Peppas, N. A., and Narasimhan, B . (2014). Mathematical models in drug delivery: How
modeling has shaped the way we design new drug delivery systems. J. Control. Release 190,
75–81. doi:10.1016/j.jconrel.2014.06.041

Salerno, A., and Netti, P. A. (2021). Review on computer-aided design and
manufacturing of drug delivery scaffolds for cell guidance and tissue regeneration.
Front. Bioeng. Biotechnol. 9, 682133. doi:10.3389/fbioe.2021.682133

Shen, Y., Yu, X., Cui, J., Yu, F., Liu, M., Chen, Y., et al. (2022). Development of
biodegradable polymeric stents for the treatment of cardiovascular diseases. Biomolecules
12, 1245. doi:10.3390/biom12091245

Sivan, M., Madheswaran, D., Hauzerova, S., Novotny, V., Hedvicakova, V., Jencova, V.,
et al. (2022a). AC electrospinning: Impact of high voltage and solvent on the
electrospinnability and productivity of polycaprolactone electrospun nanofibrous
scaffolds. Mater. Today Chem. 26, 101025. doi:10.1016/j.mtchem.2022.101025

Sivan, M., Madheswaran, D., Valtera, J., Kostakova, E. K., and Lukas, D. (2022b).
Alternating current electrospinning: The impacts of various high-voltage signal shapes and
frequencies on the spinnability and productivity of polycaprolactone nanofibers. Mater.
Des. 213, 110308. doi:10.1016/j.matdes.2021.110308

Song, W., Zhang, M., Huang, X., Chen, B., Ding, Y., Zhang, Y., et al. (2022). Smart
L-borneol-loaded hierarchical hollow polymer nanospheres with antipollution and
antibacterial capabilities. Mater. Today Chem. 26, 101252. doi:10.1016/j.mtchem.2022.
101252

Sultana, M., Sultana, S., Hussain, K., Saeed, T., Butt, M. A., Raza, S. A., et al. (2021).
Enhanced mefenamic acid release from poloxamer-silicon dioxide gel filled in hard gelatin
capsules - an application of liquid semisolid matrix technology for insoluble drug. Curr.
Drug Deliv. 19 (7), 801–811. doi:10.2174/1567201818666210903152618

Sun, G., Qin, J., Chen, F., andWu, P. (2022). Recent advances in bioengineered scaffolds
for cutaneous wound healing. Front. Bioeng. Biotechnol. 244, 841583. doi:10.3389/fbioe.
2022.841583

Tabakoglu, S., Kołbuk, D., and Sajkiewicz, P. (2022). Multifluid electrospinning for
multi-drug delivery systems: Pros and cons, challenges, and future directions. Biomater.
Sci. 11, 37–61. doi:10.1039/d2bm01513g

Tang, Y., Varyambath, A., Ding, Y., Chen, B., Huang, X., Zhang, Y., et al. (2022a). Porous
organic polymers for drug delivery: Hierarchical pore structures, variable morphologies,
and biological properties. Biomater. Sci. 10 (19), 5369–5390. doi:10.1039/D2BM00719C

Tang, Z. M.,Wu, S. M., Zhao, P. R.,Wang, H., Ni, D. L., Li, H. Y., et al. (2022b). Chemical
factory-guaranteed enhanced chemodynamic therapy for orthotopic liver cancer. Adv. Sci.
9 (23), 2201232. doi:10.1002/advs.202201232

Truong, D. H., Tran, T. H., Ramasam, y. T., Choi, J. Y., Lee, H. H., Moon, C., et al. (2016).
Development of solid self-emulsifying formulation for improving the oral bioavailability of
erlotinib. AAPS PharmSciTech 17 (2), 466–473. doi:10.1208/s12249-015-0370-5

Vega-Vásquez, P., Mosier, N. S., and Irudayaraj, J. (2020). Nanoscale drug delivery
systems: From medicine to agriculture. Front. Bioeng. Biotechnol. 8, 79. doi:10.3389/fbioe.
2020.00079

Frontiers in Bioengineering and Biotechnology frontiersin.org11

Ge et al. 10.3389/fbioe.2023.1112338

https://doi.org/10.3390/polym14030454
https://doi.org/10.2174/1567201817666200512104441
https://doi.org/10.2174/1567201817666200512104441
https://doi.org/10.2174/1567201818666210111101257
https://doi.org/10.2174/1567201818666210111101257
https://doi.org/10.1186/s12951-020-0575-y
https://doi.org/10.3389/fbioe.2022.1006129
https://doi.org/10.3389/fmats.2022.1042304
https://doi.org/10.1002/marc.202200456
https://doi.org/10.1016/j.matdes.2021.110240
https://doi.org/10.3390/polym14224947
https://doi.org/10.3390/polym14224947
https://doi.org/10.1007/s42114-022-00551-x
https://doi.org/10.3390/biom12081110
https://doi.org/10.3390/polym12102421
https://doi.org/10.3109/10717544.2013.878003
https://doi.org/10.2174/1567201818666210708123449
https://doi.org/10.2174/1567201818666210708123449
https://doi.org/10.1016/j.xpro.2022.101780
https://doi.org/10.2174/1567201817666201202094513
https://doi.org/10.1016/j.porgcoat.2022.107310
https://doi.org/10.3390/gels8060357
https://doi.org/10.3390/biom12081057
https://doi.org/10.1186/s12951-022-01463-0
https://doi.org/10.1016/j.mtchem.2022.100974
https://doi.org/10.3390/polym13244286
https://doi.org/10.1016/j.colsurfa.2022.129561
https://doi.org/10.1517/14656566.3.6.755
https://doi.org/10.1016/s0749-2081(16)30035-3
https://doi.org/10.1111/1750-3841.12919
https://doi.org/10.3389/fchem.2021.599631
https://doi.org/10.3389/fchem.2021.599631
https://doi.org/10.3389/fbioe.2022.1027351
https://doi.org/10.1039/c7ra00179g
https://doi.org/10.1039/c7ra00179g
https://doi.org/10.3390/membranes11110802
https://doi.org/10.2174/1567201818999210625100126
https://doi.org/10.2174/1567201818999210625100126
https://doi.org/10.2174/1567201817666200508093442
https://doi.org/10.1007/s41918-020-00092-1
https://doi.org/10.2174/156720109789000519
https://doi.org/10.3389/fbioe.2021.668428
https://doi.org/10.3389/fbioe.2021.668428
https://doi.org/10.1016/j.jconrel.2014.06.041
https://doi.org/10.3389/fbioe.2021.682133
https://doi.org/10.3390/biom12091245
https://doi.org/10.1016/j.mtchem.2022.101025
https://doi.org/10.1016/j.matdes.2021.110308
https://doi.org/10.1016/j.mtchem.2022.101252
https://doi.org/10.1016/j.mtchem.2022.101252
https://doi.org/10.2174/1567201818666210903152618
https://doi.org/10.3389/fbioe.2022.841583
https://doi.org/10.3389/fbioe.2022.841583
https://doi.org/10.1039/d2bm01513g
https://doi.org/10.1039/D2BM00719C
https://doi.org/10.1002/advs.202201232
https://doi.org/10.1208/s12249-015-0370-5
https://doi.org/10.3389/fbioe.2020.00079
https://doi.org/10.3389/fbioe.2020.00079
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1112338


Wang, M., Hou, J., Yu, D.-G., Li, S., Zhu, J., and Chen, Z. (2020). Electrospun tri-layer
nanodepots for sustained release of acyclovir. J. Alloys Compd. 846, 156471. doi:10.1016/j.
jallcom.2020.156471

Wang, S., Yang, Y., Wu, H., Li, J., Xie, P., Xu, F., et al. (2022c). Thermosensitive and tum or
microenvironment activated nanotheranostics for the chemodynamic/photothermal therapy
of colorectal tumor. J. Colloid Interf. Sci. 612, 223–234. doi:10.1016/j.jcis.2021.12.126

Wang, X., and Feng, C. (2022). Chiral fiber supramolecular hydrogels for tissue engineering.
Wiley Interdiscip. Rev.- Nanomed. Nanobiotechnol. 15, e1847. doi:10.1002/wnan.1847

Wang, X., Wu, B., Zhang, Y., Dou, X., Zhao, C., and Feng, C. (2022d). Polydopamine-
doped supramolecular chiral hydrogels for postoperative tumor recurrence inhibition and
simultaneously enhanced wound repair. Acta Biomater. 153, 204–215. doi:10.1016/j.
actbio.2022.09.012

Wang, Y., Yu, D.-G., Liu, Y., and Liu, Y.-N. (2022b). Progress of electrospun nanofibrous
carriers for modifications to drug release profiles. J. Funct. Biomater. 13, 289. doi:10.3390/
jfb13040289

Wang, Z., Zhong, Y., He, S., Liang, R., Liao, C., Zheng, L., et al. (2022a). Application of
the pH-responsive PCL/PEG-Nar nanofiber membrane in the treatment of osteoarthritis.
Front. Bioeng. Biotechnol. 10, 859442. doi:10.3389/fbioe.2022.859442

Wu, Y. L., Li, Y. L., Lv, G. L., and Bu, W. B. (2022). Redox dyshomeostasis strategy for
tumor therapy based on nanomaterials chemistry. Chem. Sci. 13 (8), 2202–2217. doi:10.
1039/d1sc06315d

Xie, D., Ma, P., Ding, X., Yang, X., Duan, L., Xiao, B., et al. (2021). Pluronic F127-
modified electrospun fibrous meshes for synergistic combination chemotherapy of colon
cancer. Front. Bioeng. Biotechnol. 8, 618516. doi:10.3389/fbioe.2020.618516

Xu, X., Lv, H., Zhang, M., Wang, M., Yu, D.-G., Liu, Y., et al. (2022). Recent progress in
electrospun nanofibers and their applications in heavy metal wastewater treatment. Front.
Chem. Sci. Eng. 17, 1–27. doi:10.1007/s11705-022-2245-0

Xue, J., Wu, T., Dai, Y., and Xia, Y. (2019). Electrospinning and electrospun nanofibers:
Methods, materials, and applications. Chem. Rev. 119 (8), 5298–5415. doi:10.1021/acs.
chemrev.8b00593

Yao, L., Sun, C., Lin, H., Li, G., Lian, Z., Song, R., et al. (2022). Electrospun Bi-decorated
BixTiyOz/TiO2 flexible carbon nanofibers and their applications on degradating of organic
pollutants under solar radiation. J. Mater. Sci. Technol. doi:10.1016/j.jmst.2022.07.066

Yu, D.-G., and Zhao, P. (2022). The key elements for biomolecules to biomaterials and to
bioapplications. Biomolecules 12 (9), 1234. doi:10.3390/biom12091234

Yu, D. G., Li, Q., Song, W., Xu, L., Zhang, K., and Zhou, T. (2023). Advanced technique-
based combination of innovation education and safety education in higher education.
J. Chem. Edu. doi:10.1021/acs.jchemed.2c00568

Zaghloul, A., Lila, A., Abd-Allah, F., and Nada, A. (2019). Probucol self-emulsified drug
delivery system: Stability testing and bioavailability assessment in human volunteers. Curr.
Drug Deliv. 16 (4), 325–330. doi:10.2174/1567201816666181227111912

Zhang, L., He, G., Yu, Y., Zhang, Y., Li, X., and Wang, S. (2022b). Design of
biocompatible chitosan/polyaniline/laponite hydrogel with photothermal conversion
capability. Biomolecules 12 (8), 1089. doi:10.3390/biom12081089

Zhang, X., Guo, S., Qin, Y., and Li, C. (2021a). Functional electrospun nanocomposites
for efficient oxygen reduction reaction. Chem. Res. Chin. Univ. 37 (3), 379–393. doi:10.
1007/s40242-021-1123-5

Zhang, Y., Kim, I., Lu, Y., Xu, Y., Yu, D.-G., and Song, W. (2022a). Intelligent
poly(l-histidine)-based nanovehicles for controlled drug delivery. J. Control. Release
349, 963–982. doi:10.1016/j.jconrel.2022.08.005

Zhang, Y.,Wang, T., Li, J., Cui, X., Jiang, M., Zhang, M., et al. (2021b). Bilayer membrane
composed of mineralized collagen and chitosan cast film coated with berberine-loaded
PCL/PVP electrospun nanofiber promotes bone regeneration. Front. Bioeng. Biotechnol. 9,
684335. doi:10.3389/fbioe.2021.684335

Zhang, Z., Mei, L., and Feng, S. S. (2013). Paclitaxel drug delivery systems. Expert Opin.
Drug Deliv. 10 (3), 325–340. doi:10.1517/17425247.2013.752354

Zhao, K., Lu, Z.-H., Zhao, P., Kang, S.-X., Yang, Y.-Y., and Yu, D.-G. (2021a).
Modified tri–axial electrospun functional core–shell nanofibrous membranes for
natural photodegradation of antibiotics. Chem. Eng. J. 425, 131455. doi:10.1016/j.
cej.2021.131455

Zhao, P., Chen, W., Feng, Z., Liu, Y., Liu, P., Xie, Y., et al. (2022). Electrospun nanofibers
for periodontal treatment: A recent progress. Int. J. Nanomed. 17, 4137–4162. doi:10.2147/
IJN.S370340

Zhao, Y., Tian, C., Wu, K., Zhou, X., Feng, K., Li, Z., et al. (2021b). Vancomycin-
loaded polycaprolactone electrospinning nanofibers modulate the airway interfaces
to restrain tracheal stenosis. Front. Bioeng. Biotechnol. 9, 760395. doi:10.3389/fbioe.
2021.760395

Zhou, Y., Wang, M., Yan, C., Liu, H., and Yu, D.-G. (2022). Advances in the application
of electrospun drug-loaded nanofibers in the treatment of oral ulcers. Biomolecules 12 (9),
1254. doi:10.3390/biom12091254

Zhu, H., Xing, C., Dou, X., Zhao, Y., Peng, Y., Feng, C., et al. (2022). Chiral hydrogel
accelerates Re-epithelization in chronic wounds via mechanoregulation. Adv. Healthc.
Mater. 11, 2201032. doi:10.1002/adhm.202201032

Ziyadi, H., Baghali, M., Bagherianfar, M., Mehrali, F., and Faridi-Majidi, R. (2021). An
investigation of factors affecting the electrospinning of poly (vinyl alcohol)/kefiran
composite nanofibers. Adv. Compos. Hybrid. Mater. 4 (3), 768–779. doi:10.1007/
s42114-021-00230-3

Frontiers in Bioengineering and Biotechnology frontiersin.org12

Ge et al. 10.3389/fbioe.2023.1112338

https://doi.org/10.1016/j.jallcom.2020.156471
https://doi.org/10.1016/j.jallcom.2020.156471
https://doi.org/10.1016/j.jcis.2021.12.126
https://doi.org/10.1002/wnan.1847
https://doi.org/10.1016/j.actbio.2022.09.012
https://doi.org/10.1016/j.actbio.2022.09.012
https://doi.org/10.3390/jfb13040289
https://doi.org/10.3390/jfb13040289
https://doi.org/10.3389/fbioe.2022.859442
https://doi.org/10.1039/d1sc06315d
https://doi.org/10.1039/d1sc06315d
https://doi.org/10.3389/fbioe.2020.618516
https://doi.org/10.1007/s11705-022-2245-0
https://doi.org/10.1021/acs.chemrev.8b00593
https://doi.org/10.1021/acs.chemrev.8b00593
https://doi.org/10.1016/j.jmst.2022.07.066
https://doi.org/10.3390/biom12091234
https://doi.org/10.1021/acs.jchemed.2c00568
https://doi.org/10.2174/1567201816666181227111912
https://doi.org/10.3390/biom12081089
https://doi.org/10.1007/s40242-021-1123-5
https://doi.org/10.1007/s40242-021-1123-5
https://doi.org/10.1016/j.jconrel.2022.08.005
https://doi.org/10.3389/fbioe.2021.684335
https://doi.org/10.1517/17425247.2013.752354
https://doi.org/10.1016/j.cej.2021.131455
https://doi.org/10.1016/j.cej.2021.131455
https://doi.org/10.2147/IJN.S370340
https://doi.org/10.2147/IJN.S370340
https://doi.org/10.3389/fbioe.2021.760395
https://doi.org/10.3389/fbioe.2021.760395
https://doi.org/10.3390/biom12091254
https://doi.org/10.1002/adhm.202201032
https://doi.org/10.1007/s42114-021-00230-3
https://doi.org/10.1007/s42114-021-00230-3
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1112338

	Electrospun self-emulsifying core-shell nanofibers for effective delivery of paclitaxel
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Electrospinning
	2.3 Morphology and inner structure observation of nanofibers
	2.4 Analysis of self-emulsifying properties of electrospun fibers
	2.4.1 Drug loading efficiency
	2.4.2 In vitro drug release tests


	3 Results and discussion
	3.1 Electrospinning processes and its strategies for self-emulsifying
	3.2 Electrospinning and morphology observation of nanofibers
	3.3 Analysis of self-emulsifying properties of electrospun fibers
	3.4 Function performances of the PTX-SEDDS electrospun nanofibers
	3.5 Engineering mechanisms

	4 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


