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Abstract: Coaxial electrohydrodynamic atomization (CEHDA) presents a promising technology
for preparing drug-loaded micro/nanoparticles with core-shell structures. Recently, CEHDA has
attracted tremendous attention based on its specific advantages, including precise control over
particle size and size distribution, reduced initial burst release and mild preparation conditions.
Moreover, with different needles, CEHDA can produce a variety of drug-loaded micro/nanoparticles
for drug delivery systems. In this review, we summarize recent advances in using double-layer
structure, multilayer structure and multicomponent encapsulation strategies for developing
micro/nanoparticles. The merits of applying multiplexed electrospray sources for high-throughput
production are also highlighted.
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1. Introduction

Much more attention has been paid to developing anticancer drugs in recent years as cancer
is one of the most serious diseases threatening human health. However, the therapeutic effect of
drugs is usually affected by their solubility, bioavailability and toxicity. Therefore, only one out of
5000-10,000 possible drugs is approved by the U.S. Food and Drug Administration (FDA) [1]. In order
to improve the pharmacological effects of new drugs, a nano drug delivery system provides an efficient
platform for development of the pharmaceutical industry. Efforts have been made to develop several
traditional drug micro/nano-technology preparation methods, including emulsion crosslinking, ion
crosslinking, compound crosslinking, emulsification-solvent evaporation, etc. In comparison with
traditional strategies, the single-capillary electrostatic spraying method has been used to prepare
drug-loaded particles with a higher drug entrapment rate and shortened time [2]. Electrostatic
spraying can be seen as a “one step” method for obtaining drug-loaded micro/nanoparticles, which
have a narrow size distribution range and better self-dispersibility. A simple preparation process
and low operation costs are achieved using this technology [3]. In addition, this method has fewer
restrictions on the applied materials for preparing the micro/nanoparticles, providing a potentially
common technique for the development of nano drug delivery systems.

Although the single-capillary electrostatic spraying method exhibits specific advantages, there
are still some limitations for preparing drug-loaded polymeric particles utilizing this strategy. During
the process of spraying the drug-polymer mixture, the phenomenon of initial burst release is usually
observed because of the surface/near-surface drug loading [4-7]. In the process of ejecting liquid onto
the receiver, drugs are present on the surface and inside the particles when the solvent is completely
volatilized. Drugs that stay on the surface of the carrier via physical adsorption and adhesion may
easily cause drug release phenomenon [8]. Preparing drug-loaded particles with a core-shell structure
is an appropriate way to introduce drugs directly into the core layer of the particles. Meanwhile, the
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shell polymer can protect the drugs in the nuclear layer to a certain extent. When these drug-loaded
particles are intravenously injected into the human body, drugs can be released slowly from the
nuclear layer with the continuous degradation of the shell material. Therefore, this strategy can
effectively overcome sudden drug release behavior, solving the problem of ordinary electrostatic spray
particles., Coaxial electrohydrodynamic atomization (CEHDA) provides a promising technology for
achieving drug-loaded particles with a core-shell structure, and has attracted tremendous interest from
researchers in recent years [9-18].

Wang et al. concluded that the CEHDA technique was effective for the fabrication of composite
microparticles in 2015 [19]. We aimed to further summarize recent advances in the application of
coaxial electrohydrodynamic atomization for producing drug-loaded micro/nanoparticles, focusing on
double-layer structure, multilayer structure and multicomponent encapsulation strategies. Moreover,
the advantages of employing multiplexed electrospray sources for high-throughput production are
also discussed.

2. Concept of CEHDA

Coaxial electrospray, also called CEHDA, has been widely used in the preparation of drug-loaded
biodegradable polymer particles and microbubbles for controlled and sustained drug release
applications [20,21]. Figure 1 shows the typical experimental setup of CEHDA. A coaxial nozzle with
multiple needles of different diameters is used to dispense different conducting liquids simultaneously
by applying a high potential. An external electric field is utilized to adjust the formation process of
droplets. During the operation progress, the electric field induces surface charging of the liquid at
the tip of the nozzle, and the liquid is transformed into a conical shape, called a Taylor cone [22].
In addition, a grounded electrode is included in this device. Depending on the properties of the liquid,
the liquid flow rate and the applied electric potential, different modes of CEHDA (e.g., dripping,
cone-jet or multi-jets) can be developed. The cone-jet mode is one of the most popular CEHDA
types for the production of uniform-sized particles. For drug-loaded particles, narrowly dispersed
particles are able to provide precisely controlled drug release with minimum batch-to-batch variations.
Furthermore, different nozzles can produce a variety of microparticles for the delivery of various
drugs. Compared with monoaxial electrospraying, the CEHDA technique can achieve complete drug
encapsulation, desirable control of release kinetics, and better drug stability. Moreover, it is easier
to obtain monodispersity of particles using CEHDA instead of applying typical emulsion methods.
In the drug delivery field, CEHDA exhibits tremendous advantages including precise control over
the particle size and distribution with satisfactory repeatability, and flexibility in the types of drugs
that can be encapsulated. The CEHDA technology presents promising potential in the fabrication of
drug-loaded particles. However, there are challenges in preparing multi-layered particles. For instance,
synthesizing core-shell particles using CEHDA with functional design in both core and shell phases is
challenging. To prepare multidrug loaded microparticles, the maximum number of layers is affected
by the interfacial tension and phase separation of the material solution in each layer.
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Figure 1. Typical experimental setup.
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At present, micro-scale CEHDA equipment with different needles has been fabricated to produce
nanoparticle structures corresponding to various drug delivery requirements. However, standard
coaxial electrospray sources cannot achieve high throughput since they have only one emitter. Low
production efficiency is a shortcoming of electrospray equipment for industrial production. Therefore,
expanding the production scale of CEHDA has become a popular research direction in recent years.
The emitter is usually limited to a low flow rate because this allows the complete evaporation of
polymer solvent for the core and/or shell preparation. In addition, the diameter of the particles
increases with increasing flow rate. The parallel operation of the coaxial emitter array is a good way
to increase the throughput of the coaxial ejection source without affecting particle size. Numerous
studies have reported on developing multiple MEMS devices with uniaxial electrospray. A CEHDA
scaling up study by Regele et al. showed that a four capillary array could increase the throughput
by adding the fluid flux [23]. The results also indicated that the electric potential required for the
formation of a stable Taylor cone increased as the capillary spacing decreased and vice versa. However,
the four capillary nozzles prepared were still far from meeting the needs of large-scale production.
Subsequently, Deng et al. developed a system consisting of multiple liquid dispensers of electrospray
sources to increase production (Figure 2). The system was very compact and had a space density of up
to 250 sources/cm? [24,25].
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Figure 2. Multiplexed electrospray setup (Adapted from [24]).

Deng et al. further developed a well-controlled electrospray drying method to generate
poly(lactic-co-glycolic acid) (PLGA) particles with different morphologies [26]. The results demonstrated
that the order of polymer entanglement and coulomb fission in droplets could be controlled by
optimizing the polymer molecular weight, concentration and solution flow rate, further adjusting the
morphology of the resulting polymer particles. The expansion of synthetic polymer particles using
multiple electrospray systems was favorable for practical applications. However, Bocanegra et al.
found that in a multi-needle system, shielding phenomenon occurred near the surface of some conical
menisci which could cause loss of the conical shape [27]. Therefore, the key issue for commercialize
multiple electrospraying techniques is the design of a device that reduces the interference between
adjacent needles which destroys the stable cone-jet on each needle. Parhizkar et al. proved that a
circularly distributed needle array more easily achieved high particle size uniformity in comparison
with a rectangular array while a lower voltage was required under the same operating conditions [28].
The scaled-up electrospray system has been applied in agriculture, sanitation, and other industrial
applications [29-35].

Unlike uniaxial electrospraying, there have been few studies about microarray sources for coaxial
electrospray. As we know, research about MEMS multiplexed coaxial electrospray was reported in
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2016 [36]. Core-shell particle generators with up to 25 coaxial ejection emitters (25 emitters cm2) were
3D-printed using stereolithography (Figure 3).

Figure 3. (A) Optical image of a 3D-printed planar array of 25 MEMS coaxial electrospray emitters in
1 ecm? of active area with a US dime coin for comparison. (B) Side view of the device, showing the
tapered helical channels inside the tapered emitters. (C Top view of the device, showing the array of
coaxial nozzles (Adapted from [36]).

The core/shell diameter and size distribution of the resulting compound particles could be flexibly
adjusted online by controlling the flow rate supplied to the emitter. The throughput could achieve
as high as 1,720,000 droplets per second. However, the microparticles prepared in this study had a
minimum size of 17 um and nanoscale particles could not be obtained. Moreover, the reported device
was not resistant to a variety of solvents, including tetrahydrofuran, chloroform, and acetone. Though
the suitability of such a device was limited as far as drug delivery applications, this report provided a
new idea for future scale-up of the coaxial electrospray system.

2.1. Double-layer Structure Encapsulation

Double-layer structure encapsulation was reported for the first time in 2002 [37]. This is a
microencapsulation technology based on electrohydrodynamic jetting of two immiscible liquids, which
allows precise control over the geometry of the core-shell particles in a low size variation. A coaxial
nozzle with two needles was arranged coaxially for preparing two-layer core-shell microparticles.
Two immiscible liquids were injected at appropriate flow rates through two concentrically located
needles. The outer needle was connected to an electrical potential of several kilovolts relative to
a ground electrode to obtain a cone-jet mode. This technique was successfully applied to prepare
monodisperse capsules with diameters varying between 10 and 0.15 micrometers. In addition, the
composition of the core-shell particles could be changed by changing the contents of the injection,
and the thickness and distribution of the layers could be optimized by adjusting the flow rate of the
syringe pump. Although the monodispersity of the capsules prepared by Loscertales et al. did not
reach the desired state, the work had a profound effect on subsequent studies. Later, a variety of
micro/nano-particles were successfully developed by changing the core drugs and shell materials.

Xie et al. applied CEHDA technology to encapsulating biomacromolecules, avoiding the
denaturation and aggregation effects of biological drugs when using conventional methods [38].
Bovine serum albumin and lysozyme, as model drugs, were encapsulated in polymer microparticles.
The obtained particles were released in vitro for more than 30 days, and the released lysozyme activity
was higher than 90%. The results were better than the related work reported in the previous study.
Wu et al. succeeded in producing oligodeoxynucleotide (ODN) encapsulated lipoplex nanoparticles
for gene delivery [39]. The particle size was reduced to 190 £ 39 nm, while the entrapment efficiency
was increased to 90 = 6%. Two years later, Bakhshi et al. reported a high-yield CEHDA one-step
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method for generating insulin-loaded polymeric nanoparticles, with a minimum particle size as low
as 50 nm [40]. Factors affecting particle size were investigated. It was observed that larger droplets
could be obtained with an increase in polymer concentration. The enhanced solvent volatilization
was achieved by increasing the collection distance, further obtaining the minimum size. CEHDA
technology was also used to encapsulate water-soluble first-line antiretroviral didanosine (ddlI) in
poly (epsilon-caprolactone) (PCL) particles, and stabilized it in the gastric medium [41]. Compared
with other reports, its load capacity was relatively high (about 12% w/w), and the encapsulation
efficiency was also up to about 100%. This study led to a significant increase in the oral bioavailability
of almost four times and a 2-fold extension of the half-life with compared to a ddI aqueous solution.
In the same year, Ang Il was encapsulated into tristearin core-shell nanoparticles (NPs) (average
size 100-300 nm) via a coaxial electrospray technique, and encapsulation efficiency of 92 £ 1.8% was
obtained [42]. The MTT toxicity test effectively determined the acceptable load concentration of the
loaded or unloaded packaged nanoparticles, which did not produce acute toxicity or morphological
effects in vitro. Gallovic et al. proved that it was possible to increase the survival rate of inhaled
Bacillus anthracis by using the acetyl glucan microparticle vaccine prepared by coaxial electrospray [43].
The antigenicity of the vaccine was improved during the formulation and administration process.
Numerous reports indicated that CEHDA could be a reproducible and cost-effective technique for
encapsulating biological macromolecules and subunit vaccines [44—47].

In addition, CEHDA technology also exhibited its outstanding performance for preparing
chemical drug-loaded particles [48]. Budesonide and water-soluble polyphenols were encapsulated in
monodisperse and uniformly-sized poly(lactic-co-glycolic acid) (PLGA) nanoparticles, respectively.
The obtained particle sizes ranged from 165 nm to 1.2 pm. The results indicated that the application of
CEHDA was not limited to drug solubility. Furthermore, the mechanism of releasing the nanoparticles
was studied. It was observed that the drug release rate decreased as the nanoparticle size increased.
The initial drug release behavior of these sub-micron particles prepared using the dual-capillary
electrospray method was mainly due to water permeation and drug diffusion, rather than PLGA
degradation. In comparison with conventional strategies, the electrospray method exhibited specific
advantages for developing drug-loaded particles. Since the core-shell structure of the particles could
prevent the drugs from being absorbed on the surface of the particles and/or encapsulated near the
surface of the particles, the drugs had minimal or no initial burst release. Complete drug release was
obtained due to no polyvinyl alcohol (PVA) being involved in the electrospray process. Researchers also
found the diameter of drug-loaded polymer particles could be adjusted by controlling the concentration
and electrical conductivity of PLGA solutions. New methods were investigated to tune the size of
drug-loaded nanoparticles for meeting different requirements.

In order to achieve targeted chemotherapy for pancreatic cancer, Xu et al. prepared core-shell
nanoparticles containing gemcitabine via CEHDA technology [49,50]. Figure 4 illustrates the working
mechanism of the electrosprayer for preparing core-shell nanoparticles. By optimizing the electrospray
parameters, the diameter of the prepared folate conjugated core-shell nanoparticles was in the range
of 200 to 300 nm, and the drug loading and encapsulation efficiency were about 3.91 £+ 0.12% and
85.37 & 4.9%, respectively. Cytotoxicity tests showed that the obtained particles had a significant effect
on the cytotoxicity of BXPC3 cells. It demonstrated that folate-conjugated core-shell nanoparticles
were effective in targeting a pancreatic tumor. In addition, doxorubicin could also be encapsulated
in the polymer shell with CEHDA. In particular, the researchers applied PVA solution as the carrier
stream, and the middle and inner layers were poly(L-lactic acid) PLLA solution and PLGA solution,
respectively. The core-shell microparticles were removed by removing residual PVA. Unfortunately, the
obtained particle size was as large as 6675 microns. Therefore, Cao et al. further optimized the flow
rate, solution concentration, and other conditions on the basis of the former work, and the prepared
paclitaxel nanoparticles were as low as 106 £ 5 nm [51]. This study proved that nanoparticles had good
dispersion stability and low cytotoxicity in water, which could improve paclitaxel water solubility and
decrease side effects. In the next few years, drugs including acyclovir, estradiol, paclitaxel, adriamycin,
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artesunate, rifampicin, and metronidazole were encapsulated in porous nanoparticles [52-58]. This
suggested that CEHDA technology could be applied to develop various drug-loaded nanoparticles.
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Figure 4. Experimental setup for preparing core-shell nanoparticles (Adapted from [49]).

2.2. Multilayer Structure Encapsulation

The emergence of CEHDA has shown prominent prospects for the production of core-shell
granules at microscopic and nanoscale scales. With the increased demand for developing a multilayer
structure, further efforts were made to enhance current technology for various applications. This work
proved that CEHDA could produce complex structures in nanometer and micrometer sizes [59].
A novel device was fabricated by using three coaxial aligned needles. According to the structure
of the desired nanoparticles, the corresponding solution was injected into different needles, and
the electric field was connected to the electrostatic spraying. The double-layer bubbles, porous
encapsulation threads, and three-layer nanocapsules were successfully prepared by changing the
experimental conditions including the concentration of glycerol, olive oil, polyethylene oxide (PEO)
and other materials.

Three biocompatible polymer solutions of PLGA, polycaprolactone (PCL) and polymethyl
silsesquioxane (PMSQ) were used to prepare monodisperse, spherical submicron particles [60-63].
After increasing the working distance from 50 to 350 mm, spherical particles with an average particle
size of 320 (£ 80 nm) to 220 (£ 8 nm) were obtained. It was demonstrated that the size distribution
became narrower as the working distance increased. In addition, the particles were non-cytotoxic,
indicating their potential for medical applications. In 2014, this group further produced a novel
four-needle coaxial electrohydrodynamic (EHD) device (Figure 5). A layer of polyethylene glycol
(PEG) shell was added in the outer layer of nanoparticles, and nanoparticles with better stability
and increased average size (620 = 150 nm) were achieved [64]; particles with a four-layer structure
were also obtained. Recently, three-layered nanoparticles with an ideal size for drug delivery were
prepared with a four-needle coaxial electrohydrodynamic device [65]. In this study, cisplatin and
fluorescently labeled siRNA were chosen as the model therapeutic agents. Researchers produced
about 130 nm of nanoparticles with three distinct layers which contained an outer protective PLGA
layer, an intermediate layer of siRNA, and an inner layer of cisplatin. This three-layer nanoparticle
provided a desirable environment for the joint management of low molecular weight chemotherapeutic
agents and the reduction of nucleic acid resistance. It proved that it was possible to produce separated
multilayered nanoparticles that could meet different structural and environmental requirements for
larger scale production and drug delivery.
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Figure 5. Schematic illustration of (A) the experimental set-up of the EHD process using a four-needle
device for forming four-layer structures with a stable jet (inset); (B) the coaxial needle arrangement
with labeled dimensions, where ID and OD are internal and outer diameters, respectively; (C) SEM
image of four-layered particles at low magnification; (D) bright-field TEM image of a particle showing
four distinct layers (Adapted from [64]).

2.3. Multicomponent Encapsulation

A variety of effective chemical or physical encapsulation methods, including microfluidics,
self-assembly, emulsion, flow focusing technologies and promising electrical coaxial jet technology
have been developed for drug delivery [66-75]. However, most of these encapsulation methods use
two types of materials (core and shell), that is, only one content can be encapsulated at a time. In order
to overcome this drawback, some researchers have been working on the preparation of microcapsules
that could encapsulate a wide variety of contents at one time. Chen et al. developed a composite
fluid electrospray device that allowed multiple components to be encapsulated in one-step in a single
microcapsule [76]. This device was fabricated with a layered composite nozzle which was assembled
by separately embedding two metal capillaries into a blunt metal needle (Figure 6a). The capsules
with diameters above 10 um were obtained and the internal structure of the capsules was detected
with a microscope. As shown in Figure 6, the transmission electron microscopy (TEM) images also
confirmed that the new dual-chamber structure, just like the Greek character ‘6’, was obtained with
continuous depression embedding.
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Figure 6. (A) Illustration of bicomponent microcapsule fabrication system. Two core liquids (blue
and gray) were pumped out from two inner metal capillaries, respectively, and shell liquid (red)
flowed through gaps between inner capillaries and the outer needle. (B) SEM image of titania
composite capsules, which ranged from submicrometer to several micrometers. Scale bar: 2 pm.
(C) LSCM overlay image of titania composite capsules. The two core contents have been inhibited into
individual compartments without contact. Scale bar: 10 um. (D) TEM image of “8” structured titania
bicompartment microcapsules after organics have been removed by calcination. The smallest capsule
is only hundreds of nanometers as indicated by the arrow. Scale bar: 1 um (Adapted from [76]).

A composite nozzle was further assembled by using three internal capillaries and three different
core fluids (red, blue and yellow dyed glycerol), respectively. In this work, three different components
could be encapsulated in the microcapsules at one time [77]. Si et al. prepared a multi-core microcapsule
of about 100 microns with a similar CEHDA device, using stained paraffin oil and alginic acid as model
materials. The device could be applied to packaging cells, therapeutic agents, and also drugs [78].

Another common multi-component encapsulation method could be used in combination therapy
to minimize cytotoxicity as well as to maximize cell resistance [79]. Recent in vitro cellular tests and
in vivo animal experiments can offer important data to optimize particles for the desirable therapeutic
efficacy [80,81]. Clinical reports indicated that paclitaxel and suramin had a cumulative effect on
the treatment of solid tumors [82,83]. However, high initial concentrations and/or rapid release of
suramin might cause serious toxicity to surrounding normal cells. Therefore, similar to the case of
paclitaxel, high initial concentrations of suramin were not recommended for rapid release. In order to
tackle these challenges, microspheres releasing multiple drugs in a controlled manner were highly
demanded. Paclitaxel and suramin were encapsulated by core-shell nanoparticles using multi-axis
electrospray [84,85]. This method allowed the encapsulation of two drugs with different hydrophilic
properties in a single step. The structure of this capsule was different from the multi-compartment
capsule mentioned earlier, which mixed doxorubicin and paclitaxel in the innermost layer and the
second layer of shell material solution, and the outermost layer was PLGA shell for reducing the initial
rupture release (Figure 7).
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Figure 7. A brief comparison of the structure of (A) multi-compartment microparticles, and
(B) multilayered microparticles loaded with multiple drugs at the same time (Adapted from [84]).

However, the size of the produced capsules was mostly in the tens of microns, and such a large
particle size might hinder the application of these capsules. Similarly, for tumor chemotherapy, the
results suggested that the combination of drugs such as paclitaxel and doxorubicin could increase
the maximum tolerated dose and tumor regression rate [86—89]. Therefore, Kim et al. used a triaxial
capillary ejection device to produce biodegradable multi-shell capsules for constructing drug delivery
systems [90]. Capsules formed by triaxial electrospray systems could release a variety of drugs in a
single step, in which the release rate of each drug is independently controlled by varying the capsule
diameter and the shell thickness. In addition, the initial outbreak was significantly reduced, paclitaxel
and doxorubicin were released with a stable zero-order distribution. Due to the flexible control of
multiple drugs and the different release rates, the multi-shell capsules showed great potential as a drug
delivery system. This technique facilitated the reduction of drug initial outbreak release, and drug dose
quantity and frequency. Later, naproxen and rhodamine B (RH.B) were encapsulated in nanoparticle
core and shell layers to achieve multiple drug delivery systems with controlled release [91]. The success
of preparing particles in nanosize provided a satisfactory carrier for further applications. Besides,
Lahann et al. developed biphasic Janus particles and triphasic nano colloids with nanoscale anisotropy
by using a modified nozzle with side-by-side geometry (Figure 8) [92-101]. This method could be
extended to the manufacture of multi-compartmental particles including side by side, pie-shaped,
asymmetric, striped and rosette [102].
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Figure 8. (a) Schematic image of the electrohydrodynamic co-jetting process yielding bicompartmental
spherical, discoid, and rod-shaped microparticles; (b) Size distributions of polyethylene oxide (PEO);
and (c), polyacrylic acid (PAA) biphasic particles determined from the SEM images (Adapted from [92]).

3. Conclusions

In comparison with other available chemical and physical methods, CEHDA technology exhibits
tremendous advantages for preparing micro/nanoparticles in the area of drug delivery. Specific
merits including: (1) Precise control over the particle size and distribution with high reproducibility;
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(2) encapsulation of therapeutic agents in microparticle core with a polymer shell, reducing the high
initial burst release; (3) optimization of drug release rate and drug targeted therapy by selecting
appropriate materials and controlling the thickness of the shell; (4) utilization of mild preparation
conditions without using emulsifiers. In general, these advantages demonstrate the promising potential
of CEHDA technology for producing drug loaded micro/nanoparticles with high reproducibility
and scalability. The obtained particles with a core-shell structure facilitate sequential release of
anti-angiogenic agents and anticancer drugs, which may be more effective in treating tumors. Side
effects of the drugs can be eliminated by targeting therapy using modified particles. In addition,
CEHDA provides a desirable platform for using smart materials, including pH-responsive materials
and temperature-sensitive materials for drug delivery. Future studies should focus on developing
multichannel composite injection source and using CEHDA to develop multifunctional particles for
combination therapy, diagnosis, targeted drug delivery and treatment response monitoring.
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