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This study proposed a new strategy based on a coaxial tri-capillary electrospray-template removal pro-
cess for producing nanosized polylactide-b-polyethylene glycol (PLA-PEG) particles with a core–shell
structure. Microparticles with core–shell–corona structures were first fabricated by coaxial tri-capillary
electrospray, and core–shell nanoparticles less than 200 nm in size were subsequently obtained by
removing the PEG template from the core–shell–corona microparticles. The nanoparticle size could be
modulated by adjusting the flow rate of corona fluid, and nanoparticles with an average diameter of
106 ± 5 nm were obtained. The nanoparticles displayed excellent dispersion stability in aqueous media
olymeric nanoparticle
lectrospray
ore–shell–corona structure
ize modulation
rug delivery

and very low cytotoxicity. Paclitaxel was used as a model drug to be incorporated into the core section of
the nanoparticles. A drug loading content in the nanoparticles as high as 50.7 ± 1.5 wt% with an encap-
sulation efficiency of greater than 70% could be achieved by simply increasing the feed rate of the drug
solution. Paclitaxel exhibited sustained release from the nanoparticles for more than 40 days. The loca-
tion of the paclitaxel in the nanoparticles, i.e., in the core or shell layer, did not have a significant effect

on its release.

. Introduction

Drug delivery carriers can be fabricated using several tech-
iques, such as emulsion-solvent evaporation, microfluidic sys-
ems, self-assembly and electrospray [1–4]. Of these techniques,
he electrospray method has several unique advantages. For exam-
le, monodispersed particles can be produced using the cone-jet
ode of the electrospray technique, and the particle size can be

asily controlled by adjusting the preparation parameters [5–7]. In
ddition, either hydrophobic or water-soluble drugs can be facilely
oaded into electrosprayed particles with high entrapment effi-
iency [8–12]. Furthermore, core–shell structured particles can
e conveniently obtained through coaxial electrospray [4,13].

ompared with the emulsion-solvent evaporation method, which
as frequently been used for encapsulating protein drugs into
iodegradable microparticles, coaxial electrospray can preserve the
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structural integrity and bioactivity of protein drugs because there is
no direct contact between the proteins and organic solvent during
the electrospray process [14,15]. Multidrug encapsulation and mul-
tishell encapsulation can also be achieved using tri-capillary coaxial
electrospray [10,16,17]. The release profiles of encapsulated drugs
can be independently modulated by changing the internal structure
and compositions of the particles [11].

Despite the aforementioned advantages, the size of electro-
sprayed particles was always within micron to submicron range.
Many strategies have been developed in an attempt to decrease the
particle size. By delicately varying the polymer concentration, feed
rate and applied voltage, polymethylsilsesquioxane particles with
sizes ranging from 275 to 860 nm were obtained [18]. Drug-loaded
polylactide particles with average diameters of approximately
200 nm were produced by reducing the feed rate of the polymer
solution and increasing the electrical conductivity of the electro-
spray solution [12]. By reducing the polymer concentration to as
low as 0.01 g/ml and decreasing the fluid flow rate to as slow as
0.036 ml/h, chitosan particles with an average diameter of 124 nm
were successfully prepared [19]. However, decreasing the parti-
cle size by decreasing either the solution concentration or flow
rate would lead to a low particle production capacity. In addi-

tion, there have been few reports on the production of polymeric
particles with sizes of less than 100 nm. It has been confirmed
that the size of drug delivery carriers plays an important role in
their in vivo transport behaviors [20]. For example, nanoparticles
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ig. 1. Schematic diagram of coaxial tri-capillary electrospray-template removal
ethod. Step 1: coaxial tri-capillary electrospray, Step 2: template removal.

resented enhanced colon bioadhesion and increased oral bioavail-
bility compared with microparticles [21,22]. Particles smaller than
00 nm may  have the opportunity to escape phagocyte attack in the
loodstream [23]. In addition, particles smaller than 100 nm could
e extravasated into tumor tissues through enhanced permeation
nd retention effects [24]. Thus, it is essential to finely modulate
he size of drug delivery carriers to improve therapeutic efficacy,
educe drug dose and minimize unwanted side effects.

In this work, a new strategy was proposed based on a coax-
al tri-capillary electrospray-template removal process to control
he size of electrosprayed particles. Briefly, microparticles with a
ore–shell–corona structure were first fabricated through coax-
al tri-capillary electrospray. The corona layer was subsequently
emoved to expose the inner core–shell particles. It was  found that
ore–shell particles with sizes close to 100 nm could be obtained
nd that the particle size could be conveniently modulated by
djusting flow rate of the corona fluid. The particle properties and
ellular uptake were also evaluated. Paclitaxel (PTX) was used as a
odel drug to be encapsulated into the particles. The drug loading

nd in vitro release behaviors were investigated. In addition, the
ffect of the PTX location in the nanoparticles, either in the core or
hell section, on its release was investigated.

. Materials and methods

.1. Materials

Polyethylene glycol (PEG, Mn  = 20,000) was  purchased from
inopharm Chemical Reagent Co. Ltd. Polylactide-b-polyethylene
lycol (PLA-PEG, PEG10000) was synthesized in our lab, and the
umber average molecular weight was 46 kDa determined by
el permeation chromatography. PTX was supplied by Hangzhou
aida Pharmaceutical Chemical Co. Ltd. Fluoresceine isothio-
yanate (FITC), Nile red and Hochest 33342 were purchased from
igma–Aldrich. Trifluoroethanol (TFE) was obtained from Weihai
ewera Chemical Co. Ltd. RPMI 1640 medium was purchased from
enom biomedical technology Co. Ltd and fetal bovine serum (FBS)
as obtained from Zhejiang Tianhang Biomedical Technology Co.

td. All other chemicals and solvents were of analytical grade and
sed as received.

.2. Fabrication of core–shell–corona microparticles by coaxial

ri-capillary electrospray

The schematic diagram of coaxial tri-capillary electrospray sys-
em is shown in Fig. 1. The set-up is composed of a tri-capillary
ointerfaces 115 (2014) 212–218 213

spray head, a high-voltage power supply (DW-P503-1ACCC,
Tianjin Dongwen High-Voltage Power Supply Co. Ltd, China), three
syringe pumps (KDS100, kdScientific, USA) and a collecting plate.
The spray head consists of three coaxially arranged stainless nee-
dles. The outer diameters (OD) of the three needles are 2.86, 1.70
and 0.80 mm,  respectively, and the inner diameters (ID) are 2.06,
1.10 and 0.70 mm,  respectively. A foil paper on the platform was
used as a collecting plate. The distance between the spray head
and the collecting plate was fixed at 16 cm in all experiments.
10% (w/v) PEG solution in TFE was used as corona fluid, 3% (w/v)
PLA-PEG solution in chloroform as shell fluid and 3% (w/v) PEG solu-
tion in chloroform as core fluid. All three fluids were fed through
syringe pumps independently with different feed rate. To visualize
the structure of the resultant microparticles, fluorescent dye FITC
was contained in core and corona solutions before electrospraying.

2.3. Preparation of nanoparticles from core–shell–corona
microparticles

The foil papers for collecting electrosprayed particles were cut
into pieces and soaked in deionization water for several hours at
room temperature. Afterwards, the suspension was  filtered with
a low speed quantitative filter paper (retention size 1–3 �m)  to
remove foil papers and possible aggregates. The filtrate was stored
in refrigerator at 4 ◦C till characterization.

2.4. Characterization of micro- and nanoparticles

The morphologies of the particles were characterized by scan-
ning electron microscope (SEM, Hitachi S-4800, Hitachi, Japan) and
transmission electron microscopy (TEM, JEM-1230, JEOL, Japan).
The average particle diameters and distributions of microparticles
were analyzed with the software Image-Pro Plus (Media Cyber-
netics, Inc.) (n = 100). The particle sizes and Z-potentials of the
nanoparticles were determined by nano particle potential analyzer
(Malvern ZCEC, Malvern, UK). The structures of the microparticles
was observed by laser scanning confocal microscope (LSCM, SP5II,
Leica, Germany).

2.5. Dispersion stability of PLA-PEG nanoparticles in water

PLA-PEG nanoparticle solutions prepared according to the pro-
cedures described above were stored at 4 ◦C. The change in the
particle size was  monitored by nano particle potential analyzer at
predetermined time points.

2.6. Cytotoxicity of PLA-PEG nanoparticles

The adenocarcinomic human alveolar basal epithelial cell line
A549, which was used for evaluating the cytotoxicity of the PLA-
PEG nanoparticles was  kindly provided by Professor Guping Tang
(Zhejiang University, Hangzhou, China). A549 cells were cultured
in RPMI 1640 medium containing 10% FBS, 100 U/ml penicillin and
100 �g/ml streptomycin at 37 ◦C in 5% CO2 in a humidified atmo-
sphere. Hydrophobic fluorescent dye Nile red was  added into PEG
solution (core fluid) before electrospraying in order to visualize the
nanoparticles. The particle size and zeta potential of PLA-PEG parti-
cles used in cell experiments were 115 ± 10 nm and −8.0 ± 0.5 mV,
respectively.

200 �l of the cells were seeded into a 96-well plate (Costar,
Corning Corp., NY) at a density of 1 × 104 cells per well. After
incubating for 18 h, the culture medium was  replaced with

nanoparticle solutions, which were serially diluted by serum free
culture medium, and incubated for 4 h. Then, the particle solutions
were removed and replaced by MTT  reagent diluted with serum
free culture medium (0.5 mg/ml). After incubating for another
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material because of its water solubility and biocompatibility. The
amphiphilic diblock copolymer PLA-PEG was used as a shell mate-
rial due to its excellent biodegradability, biocompatibility and
stealth surface characteristics.
14 L. Cao et al. / Colloids and Surface

 h at 37 ◦C, excess dyes were displaced with 150 �l dimethyl-
ulfoxide per well. Microplate reader (Multiskan MK3, Thermo
cientific, USA) was used to measure the adsorption value at a
avelength of 570 nm.  RPMI 1640 and polyethylenimine (25 kDa,

0 mg/ml) were used as negative and positive controls, respec-
ively. The cytotoxicity was expressed as a percentage of the
ontrol.

.7. Cellular uptake of PLA-PEG nanoparticles

A549 cells were seeded in a glass bottom cell culture dish
Costar, Corning Corp., NY) at a density of 20 × 104 cells per well
nd incubated overnight. Cells were washed with phosphate buffer
aline (PBS) and then treated with 100 �g/ml of PLA-PEG nanopar-
icle solution which was diluted with culture medium containing
% FBS for 12 h at 37 ◦C in 5% CO2 in a humidified atmosphere. To
bserve cellular uptake of the particles, treated cells were washed
ith PBS three times, stained with Hochest 33342 (nucleus stain)

nd imaged with LSCM.

.8. Drug loading and in vitro release

PTX was selected as a model drug, which was widely used in
reatments of lung cancer as well as breast and ovarian cancers.
0% (w/v) PTX dissolved in chloroform was used as core fluid, 3%
w/v) PLA-PEG as the shell fluid and 10% (w/v) PEG as corona fluid.
he flow rates of shell and corona fluids were fixed at 0.5 and
.8 ml/h, respectively. The flow rate of drug solution was adjusted
rom 0.2 to 0.3 ml/h to achieve different drug loading contents
n the nanoparticles. To investigate the effect of microenviron-

ent around PTX on drug release profile, PTX was  incorporated
nto the shell layer of the nanoparticles by using PLA-PEG solu-
ion containing 5.6% (w/v) PTX as shell fluid, 3% (w/v) PEG as
ore fluid and 10% (w/v) PEG as the corona fluid. To achieve par-
icles with similar drug loading content with particles prepared
hrough 0.2 ml/h PTX described above, the flow rates of core,
hell and corona fluid were fixed at 0.2, 0.5 and 0.8 ml/h, respec-
ively. The drug loading content and entrapment efficiency were
etermined by high-performance liquid chromatography analysis
HPLC). A C-18 column (4.6 mm × 250 mm,  Welch Materials Inc.,
hina) was used. The mobile phase was consisted of a mixture of
ethanol, acetonitrile and water (23:36:41, v/v/v) and delivered

ow rate was 1 ml/min according to Chinese Pharmacopeia 2010.
he detector wavelength for the HPLC detection was set at 227 nm.
rug-loaded particles collected from foil paper were first dissolved

n dichloromethane, then added with methanol to dissolve PTX
nd finally vacuum dried [25]. A standard plot for PTX was pre-
ared in either methanol or PBS containing 0.5% (w/v) Tween 80
or determining drug loading content and in vitro release respec-
ively. Drug loading content was defined as the amount of drug (in

g)  present in 100 mg  of nanoparticles. Drug entrapment efficiency
%) was expressed as the percent of added drug that was  entrapped
n nanoparticles.

The drug release profiles were determined in PBS containing
.5% (w/v) Tween 80. The particles fabricated by coaxial tri-
apillary electrosray were collected from foil paper and put in

 dialysis tube (Molecular weight cut off = 3500) containing 2 ml
elease medium. The dialysis tubes were then soaked in 30 ml
elease medium and incubated at 37 ◦C with continuous shaking.

t the scheduled time interval, all release medium was withdrawn
nd 30 ml  of fresh release medium was added. The PTX concen-
ration in the release medium was determined by HPLC described
efore in triplicate.
iointerfaces 115 (2014) 212–218

2.9. Statistical analysis

All data were displayed as mean ± SD in the study. Statistical
analysis was conducted using Student’s t-test and statistical signif-
icance was set at p < 0.05.

3. Results and discussion

3.1. Fabrication of PLA-PEG nanoparticles through the coaxial
tri-capillary electrospray-template removal method

In this study, a coaxial tri-capillary electrospray-template
removal method was  developed to prepare nanosized drug carriers.
Briefly, core–shell–corona microparticles were first fabricated by
coaxial tri-capillary electrospray; subsequently, the water-soluble
corona template was  removed by water treatment to obtain nano-
sized particles. A schematic diagram of the fabrication process
is shown in Fig. 1. PEG was selected as the corona template
Fig. 2. (A) SEM image of PEG/PLA-PEG/PEG microparticles. Flow rates of core, shell
and  corona fluids were set at 0.3, 0.5 and 1.0 ml/h, respectively. (B) TEM image of the
nanoparticles prepared by removing PEG template from core–shell–corona micro-
particles. Scale bar = 100 nm.  The inset in the upper right corner of (B) shows size
distribution of the nanoparticles determined by nano particle potential analyzer.
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The morphologies of the microparticles fabricated by coaxial tri-
capillary electrospray are shown in Fig. 2A. Spherical microparticles
with smooth surfaces were obtained, and the average size diame-
ter was 3.56 ± 0.87 �m when the flow rates of the core, shell and
corona fluids were 0.3, 0.5 and 1.0 ml/h, respectively. Submicron
particles and even smaller fragments could be observed, which
might be fission products from solvent evaporation. The droplet
ejected from the spray head gradually shrank before traveling to
the collecting plate due to solvent evaporation. This resulted in the
enrichment of the surface charges. When the charges on the droplet
reached the Rayleigh charge limit, which constitutes a critical con-
dition when the electric force overcomes the liquid surface tension,
Rayleigh fission occurred [26,27]. The subsequent removal of the
PEG corona layer yielded PLA-PEG nanoparticles with an average
hydrate diameter of 155 ± 14 nm (Fig. 2B inset). TEM image also
revealed a significant decrease in the particle size after template
removal (Fig. 2B). It was  also observed that the particles remained
spherical after removing the PEG template. All the above results
confirmed the feasibility of the proposed strategy based on a coaxial
tri-capillary electrospray-template removal method for fabricating
nanosized particles.

To visualize the internal structure of the electrosprayed micro-
particles, core and corona layers were all labeled with FITC. To
enhance the contrast between the different layers, the flow rate
of the shell fluid was  increased to 1.0 ml/h to increase the thick-
ness of the shell layer. The flow rate of the core fluid was fixed at
0.2 ml/h and that of the corona fluid was  varied from 0.1 to 0.5 ml/h.
LSCM images revealed that the resulting microparticles displayed
a distinct core–shell–corona structure (Fig. 3A1, A2 and A3 insets).
Flat-shaped microparticles were obtained when the flow rate of
the corona fluid was 0.1 ml/h (Fig. 3A1). It was also observed in
the LSCM image (Fig. 3A1 inset) that the corona layer was  discon-
tinuous, indicating that the flow rate of the corona fluid was too
slow to form an integrated layer around the inner shell section. By
increasing the flow rate of the corona fluid to 0.5 ml/h, the micro-
particles were transformed into spheres with a continuous corona
layer (Fig. 3A3). At a low corona fluid feed rate, the corona fluid
(PEG solution in TFE) could not completely wrap the shell fluid
(PLA-PEG solution in chloroform), resulting in the exposure of chlo-
roform to air. The rapid evaporation of chloroform from the shell
fluid resulted in the formation of a skin layer around the droplets,
limiting the gradual shrinkage of the droplets. Further evaporation
of the solvents in the droplets led to collapse of the droplets and
the formation of flat microparticles. The relatively slow evaporation
of TFE due to its higher boiling point might prevent the formation
of the skin layer and facilitate the generation of spherical micro-
particles with a high corona fluid feed rate. The thickness of the
corona layer in the microparticles was  also observed to increase
as the feed rate of the corona fluid increased. The above results
demonstrated that the layer thickness of the particles could be
modulated by varying the flow rate of the corona fluid [10], which
provides a convenient method for manipulating the sizes of the

inner core–shell particles.

Fig. 3B shows the effect of the corona fluid feed rate on the sizes
of the microspheres before and after water treatment. The flow
rates of the core and shell fluids were fixed at 0.3 and 0.5 ml/h. As the

Fig. 3. (A) The effect of corona fluid flow rate on the structure of microparticles.
(A1, A2 and A3) SEM images of microparticles. The flow rates of the core and shell
fluids were fixed at 0.2 and 1.0 ml/h, while the corona fluid flow rates were (A1) 0.1,
(A2) 0.2 and (A3) 0.5 ml/h. The insets in the upper right corner of SEM images were
corresponding LSCM images of microparticles. Core and corona layers were labeled
by  FITC. (B) The effect of corona fluid flow rate on the size of the microparticles
before and after water treatment. The flow rates of the core and shell fluids were
fixed at 0.3 and 0.5 ml/h, while the corona fluid flow rates were decreased from 1.0
to 0.5 ml/h.
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Fig. 5. (A) Viability of the cells exposed to PLA-PEG nanoparticles (n = 3, * p < 0.05).
(B)  Merged LSCM image of A549 cells after incubated with PLA-PEG nanoparticles
for 12 h. The nanoparticle concentration was 100 �g/ml. Fluorescence image shows

ity of the high drug solution feed rate destabilizing the electrospray
process. In this study, the electrospray process became unstable
xed at 0.3 and 0.5 ml/h, respectively.

ow rate of the corona fluid was decreased from 1.0 to 0.5 ml/h, the
verage diameter of the microparticles decreased from 3.56 ± 0.87
o 2.64 ± 0.66 �m,  respectively, which resulted in the decrease of
he corresponding nanoparticles from 155 ± 14 to 106 ± 5 nm.

.2. Properties of PLA-PEG nanoparticles

The surfaces of all nanoparticle prepared at different corona fluid
eed rates are negatively charged with a zeta potential of approxi-

ately −15 mV  (Fig. 4A). This negative surface charge can be due to
he presence of carboxyl groups at the surfaces of the nanoparticles
28]. In addition, the nanoparticles displayed excellent disper-
ion stability. The diameter of the nanoparticles remained almost
nchanged during the evaluation period (30 days) at 4 ◦C (Fig. 4B).
he presence of negative charges and PEG segments both con-
ributed to the observed dispersion stability of the nanoparticles.
imilar results were also reported for PLA-PEG nanoparticles pre-
ared using other techniques [29,30].

The cytotoxicity of PLA-PEG nanoparticles was evaluated using
n MTT  assay. The cell viability approached 100% even when the
anoparticle concentration reached 100 �g/ml (Fig. 5A), suggesting
igh biocompatibility of the nanoparticles. To monitor the cellular
ptake of the nanoparticles, the nanoparticles were fluorescently

abeled with Nile red. It could be observed that the nanoparticles
ould be uptaken by A549 cells and enriched around the nucleus

Fig. 5B); however, there were no particles penetrating through the
uclear envelope and residing in the nucleus.
cell nucleus (blue) and nanoparticles (red). Scale bar = 20 �m.  (For interpretation
of  the references to colour in this figure legend, the reader is referred to the web
version of this article.)

3.3. Drug loading and in vitro release

Ideal drug delivery carriers should not only have an appropri-
ate size for overcoming different biological barriers but also have
the capacity to load diverse drug payloads with reasonable load-
ing contents and high loading efficiencies. It was reported that the
electrospray technique can always achieve high drug loading effi-
ciencies compared with other encapsulation techniques, such as
emulsion-solvent evaporation [9,11,31]. However, there are few
reports concerning the drug loading capacity of electrospray. In this
study, the drug loading content was  modulated by changing the
flow rate of the core drug solution. It was found that the drug load-
ing content in PLA-PEG nanoparticles increased from 44.5 ± 0.9% to
50.7 ± 1.5% when the flow rate of the PTX solution was increased
from 0.2 to 0.3 ml/h without compromising the stability of the
electrospray process or the drug entrapment efficiency (>70%)
(Table 1). Compared with other techniques such as self-assembly
and emulsion-solvent evaporation, the drug loss during the elec-
trospray process was insignificant. Achieving a high drug loading
content in electrosprayed particles might be limited by the possibil-
when the flow rate of the drug fluid was  greater than 0.8 ml/h, cor-
responding to a loading content of PTX of 84%. Drug release profiles
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Table 1
Drug loading contents and entrapment efficiencies of various particles.

Composition Flow rate (ml/h) Loading content (%) Entrapment efficiency (%)

PTX/PLA-PEG/PEGa 0.2/0.5/0.8b 44.5 ± 0.9 77.9 ± 1.6
PTX/PLA-PEG/PEG 0.3/0.5/0.8 50.7 ± 1.5 76.2 ± 2.3
PEG/PTX +PLA-PEG/PEGc 0.2/0.5/0.8 41.1 ± 1.0 72.0 ± 1.7

a Materials of core–shell–corona.
b Flow rate of core–shell–corona.
c PTX was encapsulated into shell layer.
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ig. 6. (A) Effect of drug loading content on PTX release. (B) Effect of drug loca-
ion on PTX release. The insets of (B) were schematic diagrams of nanoparticles
ncapsulating drugs in core or shell layer.

rom the nanoparticles are shown in Fig. 6. Sustained release of PTX
ould be achieved with a near zero order for more than 40 days.
t was reported that the release of PTX from PLGA nanoparticles
roduced by emulsion solvent evaporation could last more than 35
ays [32]. In contrast, the release of PTX from PLA-PEG micelles was
ery rapid, within almost one day [33,34]. The nanoparticles with
igher PTX loadings showed faster drug release (Fig. 6A). To inves-
igate the effect of the microenvironment around PTX on the drug
elease behavior, particles with PTX incorporated into the PLA-PEG
ayer were prepared. The drug loading percent and encapsulation
fficiency were 41.1 ± 1.0% and 72.0 ± 1.7%, respectively (Table 1).
he location of PTX in the nanoparticles has no significant effect on
ts release (Fig. 6B).

. Conclusions
In summary, core–shell PLA-PEG nanoparticles approximately
00 nm in size were successfully produced using a coaxial tri-
apillary electrospray-template removal method. The particle size

[

could be modulated by adjusting the flow rate of the corona
fluid. The nanoparticles had good dispersion stability in water and
very low cytotoxicity. In addition, PLA-PEG nanoparticles could be
enriched around the nucleus of A549 cells but not in the nucleus.
PTX could be incorporated into nanoparticles with both a high drug
loading content and entrapment efficiency. A sustained release of
PTX from the nanoparticles could be achieved for more than 40
days. The proposed strategy for fabricating nanosized core–shell
particles is promising for nanomedicine applications.
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