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INTRODUCTION

Pickering emulsion is an emulsion that is
stabilized by solid particles residing be-
tween an oily phase and aqueous phase.
The assembly of the nanoparticles such
as silica, microgel, Au, and polystyrene na-
noparticles into microscopic suprastruc-
tures at oil-in-water (O/W) interfaces for
stabilizing Pickering emulsions has been
studied as an intriguing focus in field of
chemical industry and material sciences.1-4

Because of the preferential residing of
nanoparticles at O/W interfaces, the micro-
scopic suprastructures consisting of nano-
particles provide significant advantages
over amphiphilic molecules or copolymers
with high drug loading, strong kinetic hin-
drance to droplet-droplet coalescence,
tunable interfacial permeability, enhanced
controlled release of therapeutic molecules,
and so on.4-8 It is highly valuable to explore
the applicable potential of the supra-
structures with these advantages in nano-
medicine. However, themicroscopic supras-
tructures consisting of these nanoparticles
can only induce the formation and stabiliza-
tion of microscopic emulsion droplets. It is
difficult to fabricate nanoscale suprastruc-
tures for stabilizing nanoscale emulsion dro-
plets using these nanoparticles, because
the stronger interfacial hindrance is required
to resist the droplet-droplet coalescence
and the relatively higher interfacial curva-
ture of nanodroplets can induce the spa-
tially confined interface upon the formation
of nanoscale emulsions.9 Especially, the con-
fined nanoscopic space at the O/W interface

of nanodroplets does not allow nanoparti-
cles to perfectly arrange at the O/W inter-
face. Consequently, the intact assembly
of nanoparticles into nanoscale suprastruc-
tures at the spatially confined space of
O/W interfaces becomes the major chal-
lenge in the development of nanodroplets
for nanomedicine.
Recently, ideas about the assembly of flex-

ible DNA chains and porous nanoparticles
into nanoarchitectures imply an intriguing
strategy to fabricate the nanoarchitectures by
usingdeformable or soft buildingblocks.10-14
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ABSTRACT Assembly of nanoparticles as interfacial stabilizers at oil-in-water (O/W) interfaces

into microscopic suprastructures for stabilizing Pickering emulsions is an intriguing focus in the fields

of chemical industry and material sciences. However, it is still a major challenge to assemble

nanoscale suprastructures using nanoparticles as building blocks at O/W interfaces for fabricating

nanoscale emulsion droplets with applicable potential in nanomedicine. Here, we show that it is

possible to fabricate the nanodroplets by assembling highly deformable nanogels into the nanoscale

suprastructures at spatially confined O/W interfaces. The compressed assembly of the nanogels

induced the formation of the nanoscale suprastructures upon energy input at the nanoscale O/W

interface. The hydrogen bonding interaction between the nanogels at the O/W interface are possibly

responsible for the stabilization of the nanoscale suprastructures. The nanoscale suprastructures are

further employed to stabilize the paclitaxel-loaded nanodroplets, which are found to provide

sustained release of the drug, enhanced in vitro cytotoxicity, and prolonged in vivo blood circulation.

Furthermore, the tissue distribution and antitumor efficacy studies show that the nanodroplets

could induce a higher drug accumulation at the tumor site and enhance tumor growth inhibition

when compared with the commercial product. This approach provides a novel universal strategy to

fabricate nanoscale suprastructures for stabilizing nanodroplets with built-in payloads using

deformable nanoparticles and displays a promising potential in nanomedicine.

KEYWORDS: nanogels . nanoscale suprastructures . nanodroplets . paclitaxel .
nanomedicine

A
RTIC

LE



CHEN ET AL. VOL. 5 ’ NO. 4 ’ 2671–2680 ’ 2011

www.acsnano.org

2672

The spherical poly(N-isopropylacrylamide) (PNIPAM)-
based nanogels were found to have significant de-
formability of swelling-shrinkage in response to an
external stimulus (e.g., temperature) in our previous
studies,15,16 and displayed different physicochemical
properties from those of the solid nanoparticles.7,17

The shrinkage capacity of the nanogels is expected to
provide a possibility of achieving the compressed
assembly of nanogels into the nanoscale suprastruc-
tures at O/W interfaces. Here, we synthesized poly(N-
isopropylacrylamide-co-allylamine) (PNIPAM-co-AA) na-
nogels, where N-isopropylacrylamide was used as the
scaffold of network-like nanogels with deformability.15,16

Allylamine was copolymerized to improve the hydro-
philicity of PNIPAM-based nanogels at 37 �C, because
PNIPAM can display rapid dehydration above 32 �C.18

The nanogels could first form microscopic suprastruc-
tures for stabilizing Pickering emulsions at O/W inter-
faces and further be compressed into nanoscale
suprastructures upon energy input (e.g., ultrasonication)
(Figure 1). The nanoscale suprastructures were further
used to stabilize the nanodroplets with active mol-
ecules in the oily phase, which were further evaluated
as the nanocarrier for cancer therapy.

RESULTS AND DISCUSSION

The PNIPAM-co-AA nanogels were synthesized
using N-isopropylacrylamide and allylamine at a ratio
of 7:1 (Supporting Information). The PNIPAM-co-AA
nanogels with positive zeta potentials in aqueous
solution displayed a significant size change from
188.4 nm at 28 �C to 67.5 nm at 42 �C (Figure S1a-c).
The volume of the nanogels at 42 �C is only about 4.6%
of that at 28 �C, which implies that the nanogels

have significant shrinkage capability. The lyophilized
PNIPAM-co-AA nanogels at the shrunken state were
further found to have an average diameter of 48.4 nm
using a field small-angle X-ray scattering system. TEM
imaging also validated that the nanogels had a spherical
morphology and were highly shrunken at 37 �C (Figure
S1d and S1e). It reveals that the nanogels have a highly
deformable ability via hydration or dehydration, which
allows the nanogels to significantly swell or shrink in
aqueous solution.19 The shrinkage ability is expected
to provide the nanogels with an ability to perfectly
arrange at O/W interfaces in a spatially confined space.
To demonstrate the preferential distribution of the

PNIPAM-co-AA nanogels at O/W interfaces, FITC as a
fluorescent dye was conjugated to PNIPAM-co-AA
nanogels via amide, which were first used to stabilize
the microscopic suprastructures for stabilizing the
Pickering emulsions droplets.20,21 The hydrophobic
organic solvents such as isopropyl myristate (IPM)
and hexane could act as the oily phase of Pickering
emulsions. FITC-labeled PNIPAM-co-AA nanogels were
used to stabilize pharmaceutically acceptable IPM
droplets. Fluorescent imaging showed that a yellow-
green color existed around the droplets and was
possibly ascribed to the FITC-labeled PNIPAM-co-AA
nanogels around microscopic emulsion droplets
(Figure 2a). Nile red (1.0 μg/mL) as a red hydrophobic
fluorescent dye was encapsulated into oily droplets of
the Pickering emulsions stabilized by the microscopic
suprastructures of PNIPAM-co-AA nanogels. The red
fluorescence from nile red validated the presence of
spherical oily droplets inside the Pickering emulsions
(Figure 2b). Furthermore, FITC-labeled PNIPAM-co-AA na-
nogels were used to stabilize the oily droplets containing

Figure 1. Schematic illustration of the highly compressed assembly of nanogels into the nanoscale suprastructures at O/W
interfaces which are used to stabilize the nanodroplets with active molecules for nanomedicine.
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nile red for differentiating the interfacial microscopic
suprastructures and interior oily droplets (Figure 2c).
The red fluorescence from nile red was observed in the
interior of droplets, and simultaneously a yellow-green
color from FITC-labeled PNIPAM-co-AA nanogels coex-
isted surrounding the droplets. It indicated that the
microscopic suprastructures consisting of the nanogels
located at O/W interfaces of the Pickering emulsions
and could be differentiated from inner oily droplets.

TEM imaging was further used to validate the droplet
morphology of the microscopic Pickering emulsions.22,23

Figure 2e and Figure S2a showed that the Pickering
emulsions displayed a capsule-like structure, which
implied that the microscopic suprastructures might
surround the oily droplets and matched well with their
fluorescent imaging and optical imaging (Figure 2d).
But the microscopic Pickering emulsions had an aver-
age droplet size of 1.5 μm and a broad size distribution

Figure 2. Fluorescent and TEM imaging of the Pickering emulsions and nanodroplets. (a) Fluorescent images of the Pickering
emulsions stabilized by the microscopic suprastructures of FITC-labeled PNIPAM-co-AA nanogels. (b) Fluorescent image of
the Pickering emulsions containing nile red, stabilized by the microscopic suprastructures of PNIPAM-co-AA nanogels. (c)
Fluorescent image of the Pickering emulsions containing nile red, stabilized by the microscopic suprastructures of FITC-
labeled PNIPAM-co-AA nanogels. (d) Optical image of the Pickering emulsion stabilized by themicroscopic suprastructures of
FITC-labeled PNIPAM-co-AA nanogels. (e) TEM images of the Pickering emulsions stabilized by the microscopic supras-
tructures of PNIPAM-co-AA nanogels (dashed circle indicates the capsule-like morphology). (f) TEM images of the
nanodroplets stabilizedby the nanoscale suprastructures of PNIPAM-co-AA nanogels (dashed circle indicates the capsule-like
morphology).
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(polydispersive index is 0.396) (Figure S2b). Figure 2e
also showed that the microscopic suprastructures
around Pickering emulsion droplets had a thickness
of 150-200 nm, which is comparable to the particle
size of the nanogels at the swollen status in aqueous
solution as shown in Figure S1a. In addition, the Pick-
ering emulsions with a microscopic droplet size dis-
played a significant temperature-responsive size change
(Figure S2c), which should be attributed to the tem-
perature-responsive nanogels at O/W interfaces. Further-
more, the Pickering emulsions also avoided the phase
separation of the emulsions at 37 �C due to the presence
of the amino group in the nanogels.7 Generally, the
PNIPAM-based polymers can be dehydrated and dis-
play phase separation when the temperature is above
32 �C. The amine group from allylamine could prevent
the nanogels from precipitation because of the en-
hancement of their hydrophilicity. It implies that the
nanogels could display a state of dehydration at 37 �C
and maintained amphiphilic properties at O/W inter-
faces as well, which was very important for their
stability. Then, the nanogels can form the microscopic
suprastructures as shown in Figure 1 and maintain
their original size at O/W interfaces of the Pickering
emulsions at room temperature and also afford the
steric hindrance to droplet-droplet coalescence for
the stabilization of Pickering emulsions.4

Interestingly, we found the presence of the nano-
scale suprastructures at O/W interfaces when we further
disintegrated the above emulsions into nanoscale emul-
sion droplets using ultrasonication (Figure 1). Figure 2f
showed the TEM images of the nanodroplets stabilized
by nanoscale suprastructures of PNIPAM-co-AA nano-
gels. The nanodroplets showed a capsule-likemorphol-
ogy that was similar to that of the above emulsions. But
their droplet size was significantly decreased to about
137.0 nm and the thickness of nanoscale suprastruc-
tures only ranged from 30 to 60 nm (Figure 2f). This
thickness wasmuch lower than that of themicroscopic
suprastructures of the Pickering emulsions, and it was
similar to the particle size of the shrunk nanogels

(Figure S1a and S1e). The FITC-labeled PNIPAM-co-AA
nanogels were used to construct fluorescent nanoscale
suprastructures to stabilize the nanodroplets, and the
fluorescence imaging (Figure S3) showed that the
fluorescent morphology of nanodroplets was signifi-
cantly different with that of Pickering emulsions stabi-
lized by the microscopic suprastructures in Figure 2a
because of their small diameters. In addition, the nano-
droplets had a narrow size distribution (Figure S2d) and
only showed a slight change of droplet size when the
temperature was increased. The PNIPAM-co-AA nano-
gels at O/W interfaces might be significantly shrunken
with the simultaneous expulsion of water from the
interior gel network when the emulsion droplets were
disintegrated by ultrasonication, even though no other
stimulus (e.g., temperature) was applied. The ultraso-
nicationmight trigger the dehydration of the nanogels
and subsequently induce the transformation of the
microscopic suprastructures into nanoscale suprastruc-
tures when the PNIPAM-co-AA nanogels were forced to
rearrange at O/W interfaces of the nanodroplets.
To validate the presence of the nanoscale supra-

structures, we employed the nanodroplets as a tem-
plate to encapsulate inorganic superparamagnetic iron
oxide nanoparticles (SPIO) clusters using evaporable
hexane containing hydrophobic SPIO as an oily phase
andthenanoscale suprastructuresas stabilizers (Supporting
Information, Figure S4a and S4b).3,24,25 Here, SPIOwere
used to differentiate the hydrophobic oily phase and
nanoscale suprastructures because of their strong TEM
imaging contrast (Figure S4a). The hydrophobic SPIO
are expected to reveal the oily microstructure within
the nanodroplets. TEM imaging in Figure 3a showed
that tens of hydrophobic SPIO aggregated into the
clusters with the diameters ranging from 50 to 100 nm,
which were surrounded by the nanoscale suprastruc-
tures with a thickness of about 50 nm. Themorphology
and size (average diameter of 149.2 nm from DLS) of
these nanoscale suprastructures were similar to those
of the above nanodroplets. The SPIO clusters had a
high relaxivity of 121.3 mM-1 s-1 (Figure S4c) and also

Figure 3. (a) TEM images of SPIO clusters stabilized by the nanoscale suprastructures (insert, same sample at various
magnifications). (b) Schematic illustration of SPIO clusters stabilized by the nanoscale suprastructures of the PNIPAM-co-AA
nanogels.

A
RTIC

LE



CHEN ET AL. VOL. 5 ’ NO. 4 ’ 2671–2680 ’ 2011

www.acsnano.org

2675

showed no significant change of particle size during 30
days (data is not shown), which implied that the nano-
scale suprastructures exhibited good encapsulation
and stabilization for hydrophibic SPIO clusters.24,25

The formation and stabilization of SPIO clusters vali-
dated the presence of the nanoscale suprastructures
at the O/W interface of nanodroplets as proposed in
Figure 3b.
The compressed assembly of the nanogels into the

nanoscale suprastructures during ultrasonication of
the Pickering emulsions possibly attributed to the
shrinkage of nanogels at O/W interfaces. According
to the Young-Laplace equation for the spherical oil
droplets in an O/W emulsion,26

ΔP ¼ 2γ
r

(where ΔP is the pressure difference across the O/W
interface, γ is the interfacial tension of the oil droplet,
and r is the radius of the oil droplet). The proposed
formation mechanism of the nanoscale suprastructures
of PNIPAM-co-AA nanogels can be described as fol-
lows: Firstly, for the microscopic Pickering emulsions
without a strong energy input (ΔP is kept constant), the
thickness of the microscopic suprastructures of PNI-
PAM-co-AA nanogels at O/W interfaces was equal to
the particle size of the nanogels at the swelling state.
Then, the nanogels could form the interfacial layers at
O/W interfaces for decreasing the interfacial tension at
O/W interfaces. When the Pickering emulsions were
disintegrated into the nanodroplets by ultrasonica-
tion, ΔP was increased by the input of ultrasonication

energy, and the value of γ could not be decreased
since the nanogels had located at O/W interfaces in the
Pickering emulsions. So, the radius of the emulsion
droplets have to be further decreased according to the
equation. Consequently, the packing density or vo-
lume of nanogels adsorbed per unit area at O/W
interfaces was significantly increased with the de-
crease in droplet size. The increase of their density or
volume in the spatially confined space can trigger the
squeeze and dehydation of the nanogels around dro-
plets, because the input of power could overcome the
osmotic pressure of the nanogels in the aqueous side
of O/W interfaces and then lead to the release of water
from the nanogels. Finally, the squeeze of the nanogels
induced the formation of the nanoscale suprastruc-
tures and also allowed the nanogels to perfectly
arrange around nanodroplets with relatively high in-
terfacial curvature.
In order to explore the stabilization mechanism of

the nanoscale suprastructures, we probed the pre-
sence of hydrogen bonding interaction between the
nanogels at O/W interfaces using urea, which was used
to break hydrogen bonds existing between the nano-
gels (Figure 4a and 4b).18,27,28 Urea was expected to
penetrate into the nanoscale suprastructures from the
aqueous phase, effectively interact with the nanogels
via hydrogen bonds, and break the existing hydrogen
bonds between the nanogels.27 The nanodroplets with-
out urea only had a slight increase of droplet size during
30 days, but the addition of urea resulted in the quick
coarsening of droplets after storage for 4 days and
phase separation after 7 days at 25 or 37 �C (Figure 4a

Figure 4. Validation of hydrogen bonds between the nanogels in the nanoscale suprastructures at O/W interfaces. (a)
Influence of urea (4.0mol/L) on the stability of the nanodroplets stabilizedby the nanoscale suprastructures of PNIPAM-co-AA
nanogels at 25 �C. (b) Proposed interaction mechanism of urea with side chains of the nanogels in the nanoscale
suprastructures at O/W interfaces.
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and Figure S5). It shows that the hydrogen bond
interaction is possibly one of the most important
mechanisms for the stability of the nanoscale supra-
structures. Additionally, we also found that the micro-
scopic suprastructures formation of the Pickering
emulsions hardly relied on the interaction of hydrogen
bonds between the nanogels, but the nanoscale su-
prastructures for stabilizing the nanodroplets ob-
viously depended on this interaction (Supporting
Information). This interaction possibly induced the
interlock of the nanogel network, which is advanta-
geous to the perfect surface coverage of droplets with
high interfacial curvature for avoiding droplet-droplet
coalescence and the dissociation of the nanogels from
the nanoscale suprastructures.29,30

The nanodroplets contain hydrophobic oily droplets
stabilized by the nanoscale suprastructures, which possi-
bly act as a reservoir for drug delivery in nanomedicine.
In this work, paclitaxel as a hydrophobic anticancer
drug was selected as the model drug to demonstrate
the potential of the nanodroplets for cancer therapy.
Paclitaxel has been encapsulated into several nanocar-
riers including albumin protein,31 liposomes,32 carbon
nanoparticles,33,34 polymeric micelles,35 and nano-
emulsion36 for prolonging blood circulation time, de-
creasing adverse side effects, or improving antitumor
efficacy. We prepared the paclitaxel-loaded nano-
droplets stabilized by the nanoscale suprastructures
(Supporting Information). The in vitro drug release
behavior (Figure 5a) showed that paclitaxel from the
control solution was quickly released into the release
medium in which 1.0 mol/L sodium salicylate was used
to maintain sink conditions. The nanodroplets showed
the sustained release of paclitaxel from nanodroplets,
which might be attributed to the controllable perme-
ability of nanoscale suprastructures induced by the
intact arrangement of the shrunk nanogels around the
O/W interface.4,7,37-39 It shows that the nanodroplets
have excellent sustained release profiles of the drug
from nanodroplets. We used the MTT method to
evaluate the viability of A2780 cells after incubation
with paclitaxel-loaded nanodroplets for 24 h. Paclitaxel
was solubilized in 10% DMSO as a control group.40,41

Figure 5b showed the relative cell viability of the
paclitaxel-loaded nanodroplets. The paclitaxel-loaded
nanodroplets had a significantly lower IC50 (5.0 μg/mL)
value than free paclitaxel (12.5 μg/mL), whichmight be
attributed to the good internalization of the nanodro-
plets by cells via an enhanced electrostatic interaction.42

The paclitaxel-free nanodroplets showed no significant
cytotoxicity. These results indicate that the encapsula-
tion of paclitaxel by the nanoscale suprastructures in
the nanodroplets plays an important role in the en-
hancement of cytotoxic activity.
The in vivo pharmacokinetic behavior and tissue

distribution of the paclitaxel-loaded nanodroplets were
further evaluated. Figure 5c and Table 1 showed the

average plasma concentration-time curves and phar-
macokinetic parameters of paclitaxel-loaded nanodro-
plets and commercial Taxol. The area under the curve
(AUC0∼¥) value of paclitaxel-loaded nanodroplets after
intravenous administration was 4.9 times higher than
that of Taxol. The nanodroplets showed a longer
elimination half-life (t1/2β) of 23.0 h when compared
with that of Taxol (3.3 h). The t1/2β value was also much
higher than that of commercial PEG-PLAmicelles35 and
similar to that of other polyester-based nanoparticles
decorated with PEG.43,44 The prolonged t1/2β might be
attributed to the sustained release of paclitaxel, avoid-
ance of the rapid clearance by the reticulo-endothelial
system, and rapid degradation of droplets induced by
lipase.45 It indicates that the nanoscale suprastructures
provided a long blood circulation effect and good
stability in blood circulation for the paclitaxel-loaded
nanodroplets. It also implies that the nanoscale supras-
tructures can act as an alternative to polyethylene glycol
for achieving a long circulation effect. Figure 5d showed
that the concentrations of paclitaxel from the paclitax-
el-loaded nanodroplets in a tumor were respectively
increased by 20 and 8 times after 1 and 8 h postadmi-
nistration when compared with those from Taxol. The
nanodroplets induced much higher accumulations of
drug at the tumor sitewhen comparedwith the reported
PEG-PLA micelles,35 which might be attributed to the
enhanced permeability retention (EPR) effect and long-
er half-life time of the nanodroplets. The high accumula-
tion at the tumor site implied that the nanodroplets
might achieve the passive targeting for paclitaxel
delivery via the EPR effect.46 The nanodroplets also
exhibited high accumulation in liver after 1 and 8 h
postadministration (Figure 5e and 5f). The higher levels
of paclitaxel in liver reflected their role as main clear-
ance routes for the paclitaxel-loaded nanodroplets,
and the lower distribution at the other tissues implied
the possibility of decreasing potential adverse side
effects.47 We further compared the antitumor effect
of paclitaxel-loaded nanodroplets with that of Taxol in
the ovarian carcinoma A2780 subcutaneousmodel at a
dose of 10.0 mg/kg.48 The paclitaxel-loaded nanodro-
plets (10.0 mg/kg) suppressed A2780 tumor growth
from day 1 to 15 significantly (Figure 5g). At day 15, the
control tumors reached a volume of 262.5( 74.0mm3.
The tumors treated with the nanodroplets and Taxol
had the volumes of 32.8 ( 7.5 mm3 and 73.4 ( 21.3
mm3, respectively. The nanodroplets displayed amuch
stronger tumor regression when compared with Taxol
(P < 0.01). The longer half-life time and higher accu-
mulation of paclitaxel at the tumor site possibly con-
tributed to the enhanced antitumor effects. It indicates
that the nanodroplets have a comparable or preferable
antitumor efficacy to the existing nanocarriers such as
PEG-PLA, liposomes, and carbon nanoparticles.34,35 The
nanodroplets could achieve passive targeting via en-
hanced EPR effect. Additionally, the presence of an
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amino group in the nanogels can also used for con-
jugation with some amino-reactive targeting ligand

for active targeting in the future. It shows that
the nanoscale suprastructure-stabilized nanodroplets

Figure 5. Drug release, cell viability, pharmacokinetic profiles, tissue distribution, and in vivo antitumor efficacy of the
paclitaxel-loadednanodroplets stabilizedby the nanoscale suprastructures of PNIPAM-co-AA nanogels. (a) Release profiles of
paclitaxel from the nanodroplets and control solution (n = 3). (b) Viability of A2780 cells after treatment with free paclitaxel,
paclitaxel-loaded nanodroplets, and paclitaxel-free nanodroplets for 24 h. (c) Concentrations of paclitaxel in rat plasma at
different times after intravenous administration of the paclitaxel-loaded nanodroplets and Taxol at the dose of 10 mg/kg. (d)
Concentration of paclitaxel in tumors at 1 and 8 h after administration of the paclitaxel-loaded nanodroplets and Taxol at the
dose of 10 mg/kg. (e) Concentrations of paclitaxel in heart, kidney, liver, spleen, lung, and tumor of mice treated at 1 h after
administration of the paclitaxel-loaded nanodroplets and Taxol at the dose of 10 mg/kg. (f) Concentrations of paclitaxel in
heart, kidney, liver, spleen, lung, and tumor of mice treated at 8 h after administration of the paclitaxel-loaded nanodroplets
and Taxol at the dose of 10 mg/kg. (g) Tumor growth inhibition of the paclitaxel-loaded nanodroplets and Taxol on female
athymic nude mice bearing subcutaneous A2780 xenografts after administration of 10 mg/kg (n = 6; the injections were
performed on day 0, 4, and 8 for treatment).
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display an intriguing potential for cancer therapy in
nanomedicine.
In conclusion, the use of the deformable nanogels

overcomes the key limitation of the fabrication of nano-
droplets by allowing the straightforward compressed

assembly of the nanogels into the nanoscale supras-
tructures at spatially confined O/W interfaces. The
interaction of hydrogen bonds between the nanogels
at O/W interfaces is possibly responsible for the stabi-
lization of the nanoscale suprastructures. The intact
nanoscale suprastructures provide a significant sus-
tained release, enhanced in vitro cytotoxicity, and
prolonged in vivo blood circulation, which triggered
the enhanced drug accumulation in tumor site and
improved tumor growth inhibition for paclitaxel-
loaded nanodroplets. The nanoscale suprastructures
can translate the Pickering emulsions into nanodro-
plets, which could provide some intriguing physico-
chemical and biological properties for cancer therapy.
The present strategy provides a new means to fabri-
cate nanoparticles and opens up a promising route for
their application in nanomedicine.

METHODS
Preparation of Pickering Emulsions and Nanodroplets. The aqueous

phases of nanogels were obtained by dissolving PNIPAM-co-AA
into ultrapure water at 4 �C overnight. Isopropyl myristate (IPM)
as an oily phase was mixed with the aqueous phase. The
Pickering emulsions stabilized by 1% PNIPAM-co-AA nanogels
were prepared by shearing the mixture of two phases at 13 000
rpm for 10 min (Fluko FA25 homogenizer). Cooling water was
used to avoid an increase of temperature during the prepara-
tion. Finally, 10mL Pickering emulsions consisted of 9% IPM, 1%
nanogels, and water. The nanodroplets were further prepared
by ultrasonicating the above emulsions into the nanoscale emul-
sions (400 W, 5 s: 5 s, 20 times) in an ice bath. The FITC-labeled
PNIPAM-co-AA nanogels (Supporting Information) were used to
prepare the fluorescent emulsions stabilized for validating the
location of nanogels in Pickering emulsions according to the
abovemethod. For the encapsulation of nile red in the Pickering
emulsions, nile red was dissolved in IPM to form the nile red oily
phase, and then the Pickering emulsions (1.0 μg/mL nile red)
stabilized by 1% PNIPAM-co-AA nanogels were prepared ac-
cording to the above method. No significant influence of ultra-
sonication on the particle size of the nanogels was observed.

Particle Size Measurement. The average diameters of the sam-
ples were measured by dynamic laser scattering (DLS) (Nano
ZS90, Malvern Instruments, U.K.) at 633 nm. The measurements
were performed at different temperatures using a He-Ne laser.
Additionally, in order to measure the particle size of shrunken
nanogels, the nanogels were dissolved in water and then were
lyophilized. Then, the lyophilized nanogels were analyzed using
a field small-angle X-ray scattering system (Nanostar-C, Bruker-
AXS), and the particle size was calculated using Guinier model.

Optical and Fluorescence Imaging. The Pickering emulsions sta-
bilized by the microscopic suprastructures of the FITC-labeled
PNIPAM-co-AA nanogels with or without nile red in oily phase
were observed using an optical and fluorescence microscope
(OLYMPUS IX-70). The nanodroplets stabilized by the nanoscale
suprastructures of the FITC-labeled PNIPAM-co-AA nanogels
were also observed using a fluorescence microscope. All the
emulsions and nanodroplets were diluted using water before
observation. Fluorescence imaging was performed at the ex-
citation and emission wavelengths of 490 nm and 525 nm,
respectively.

TEM Imaging. TEM imaging was used to probe the morphol-
ogy of the Pickering emulsion droplets, nanodroplets, and SPIO
clusters. The droplets were placed on a carbon-coated copper
grid and dried in air. Then a solution of phosphotungstic acid
(1%) was used to cover the samples, and the superfluous phos-
photungstic acidwaswiped off by filter paper, followed bybeing

dried in air. Then dried samples were observed using Tecnai G2
20 TEM (FEI Corp., Netherlands) at 180 kV. The stained nanogels
in TEM imaging displayed dark.49

Cell Viability. Ovarian carcinoma A2780 cells were grown in
an RPMI-1640 medium with 10% (v/v) fetal bovine serum and
100 IU/mL of penicillin G sodium and 100 μg/mL of streptomy-
cin sulfate. The cells were maintained in an incubator at 37 �C.
A2780 cells were seeded in 96-well plates with a density of
4000 viable cells per well and incubated for 24 h for cell
attachment. The cells were then incubated with free paclitaxel
in 10% DMSO, paclitaxel-loaded nanodroplets, and paclitaxel-
free nanodroplets for 24 h. Then, the formulations were re-
placed with RPMI-1640 containing MTT (10 μL, 5.0 mg/mL), and
the cells were then incubated for an additional 4 h. MTT was
aspirated off, and DMSO was added to dissolve the formazan
crystals. The absorbance was measured at 490 nm using a PE
Victor1420 (USA, Perkin-Elmer). The results were expressed as
mean values ( standard deviation of 8 measurements. IC50
values were determined as the paclitaxel concentration where
the relative cell viability was 50% of the untreated control cells.

Pharmacokinetic Study. The pharmacokinetics of paclitaxel-
loaded nanodroplets was studied using Wistar rats weighing
220 ( 20 g. The animals were divided into two groups each of
five rats and were further injected intravenously with 10 mg/kg
paclitaxel-loaded nanodroplets and 10 mg/kg Taxol through
the tail veins, respectively. A 0.4mL aliquot of blood sample was
collected from the orbital plexus of each rat into polyethylene
cannulas at 0.5, 1, 2, 4, 8, 11, 24, 34, and 48 h. All the polyethylene
cannulas were flushed with heparin to prevent blood clotting.
The samples were centrifuged to collect plasma and stored at
-70 �C. The concentrations of paclitaxel in rat plasma were
determined using an HPLC system. 30 μL norethisterone (25.0
μg/mL in methanol) as the internal standard and 2 mL dichlor-
omethane were added to the blood samples, and the mixtures
were vortexed for 4min and centrifuged at 4500 rpm for 10min.
The subnatants were collected and dried using nitrogen at 35 �C.
Then, 200 μL of methanol were added to dissolve each dried
sample for HPLC analysis. HPLC analysiswas performed using an
Agilent 1100 systemwith a Hypersil ODS column (5 μm, 4.6mm�
250 mm) at 30 �C. The wavelength of paclitaxel was set at 227
nm. The mobile phase consisted of acetonitrile, methanol, and
water (40:20:40) at a flow rate of 1.0 mL/min. The pharmacoki-
netic parameters were calculated using DAS 2.0 software.

Tissue Distribution. Taxol and paclitaxel-loaded nanodroplets
were injected into tumor-bearing mice through a tail vein at a
single dose of 10 mg/kg. At different time intervals after
injection (1 and 8 h), the mice were sacrificed and the tumor,
heart, liver, spleen, lung, and kidney were excised. Physiological

TABLE 1. Pharmacokinetic Parameters Observed in Rats

after Intravenous Administration of Paclitaxel-Loaded

Nanodroplets and Taxol at a Dose of 10 mg/kg (n = 5)

Parametersa Paclitaxel-loaded nanodroplets Taxol

t1/2β (h) 23.0 ( 3.3 3.3 ( 1.5
CL (L/h/kg) 0.07 ( 0.01 0.37 ( 0.09
AUC0-t (mg 3 h/mL) 96.24 ( 3.47 25.58 ( 6.75
AUC0-� (mg 3 h/mL) 138.55 ( 12.04 28.48 ( 7.64

a t1/2β, elimination half life; AUC, area under the plasma concentration-time curve;
CL, total body clearance.
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saline (2 mL) was added to each sample. The samples were
further homogenized, and 4 mL of tert-butyl methyl ether were
added. Subsequently, the samples were vortexed for 4 min,
followed by centrifuging at 5000 rpm for 10 min. The super-
natants were collected and dried using nitrogen at 35 �C. Then,
200 μL of methanol were added to dissolve each dried sample
for HPLC analysis.

Tumor Growth Inhibition. The animal model of human ovarian
carcinoma xenografts of Balb/c-nu/nu nude mice (5-7 weeks,
16-20 g) was used.50 Briefly, A2780 human ovarian cancer cells
(4 � 106) were subcutaneously transplanted into the flanks of
female athymic nude (nu/nu) mice. When the tumors reached a
size of ∼100 mm3 (15-20 days after transplantation), the mice
were injected intravenously through the tail vein with PBS,
Taxol, and paclitaxel-loaded nanodroplets at a dose of 10mg/kg
on day 0, 4, and 8, respectively. The tumor size was measured to
evaluate the antitumor activity of various groups. The tumor
volume (V) was calculated as follows: V = L � W2/2, where W is
the tumor measurement at the widest point, and L is the tumor
dimension at the longest point. The mice were sacrificed by
cervical dislocation under an anesthetic status after the experi-
ments. The statistic difference was analyzed using t tests where
P values of <0.05 were considered significant.
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