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Anisotropic yolk/shell or Janus inorganic/polystyrene nanocomposites were prepared by combining
miniemulsion polymerization and sol–gel reaction. The morphologies of the anisotropic composites were
found to be greatly influenced by surface modification of zinc oxide (ZnO) nanoparticle seeds. Two different
types of the oleic acid modified ZnO nanoparticles (OA-ZnO) were prepared by post-treatment of commercial
ZnO powder and homemade OA-ZnO nanoparticles. The morphologies and properties of the nanocomposites
were investigated by transmission electronmicroscope (TEM), thermogravimetric analysis (TGA), Fourier trans-
form infrared spectroscopy (FT-IR), dynamic light scattering (DLS), and energy dispersive X-ray spectroscopy
(EDX). It was found that both post-treated OA-ZnO and in-situ prepared OA-ZnO nanoparticles resulted in the
yolk–shell and Janus structure nanocomposites, but with varied size and morphology. These nanocomposites
showed stable and strong fluorescence by introducing quantum dots as the co-seeds. The fluorescent anisotropic
nanocomposites were decorated separately with surface carboxyl and hydroxyl groups. These composites with
unique anisotropic properties will have high potential in biomedical applications, particularly in bio-detection.
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1. Introduction

The concept of “Janus particles”, which named after the two-faced
Roman God Janus, was first raised by P. G. de Gennes in his Nobel
Prize address in 1991 [1]. “Janus” particles are asymmetric and aniso-
tropic in structure, shape, and surface characteristics with each surface
having distinctively different physical and chemical properties [2]. Due
to the unique geometrical asymmetry, Janus nanoparticles can be used
as ideal drug delivery carriers, catalysis, surfactants, and biosensor
[3–5]. Several strategies have been developed to synthesize asymmetri-
cal nanoparticles. These include the layer-by-layer self-assembly [6,7],
evaporated metal particles [8–11], Pickering emulsion method [12],
biphasic electrified jetting [13,14], photo-polymerization in amicrofluidic
channel [15,16], and polymer self-assembly [17,18]. Janus particles can
assume different geometries: spherical, dumbbell, half raspberry-like,
cylindrical, disk, and a variety of other shapes [2]. Besides Janus compos-
ites, yolk–shell like nanocomposites was also a newly emerging system
for biomedical applications [19,20]. The functional core and hollow shell

of the yolk–shell particles can be tailored to the requirements of
the nanoreactors [21] and biomedicine [22]. The common and typical
synthesis of the yolk/shell particles includes the following, namely,
selective etching or dissolution, bottom-up or soft-template, ship-
in-bottle, Ostwald ripening or galvanic replacement process, and
Kirkendall diffusion methods [22]. The Janus or yolk–shell nanopar-
ticles are usually composed of inorganic–inorganic dimmer or
inorganic–polymer composites [23–26]. Among these, the silica/
polystyrene composites is one of the most frequently studied systems
[27,28] and the silica/magnetite/polymer composites have been devel-
oped into the ternary system [29–31]. The straightforwardness and
yield of the reaction have been important factors in the development
of the syntheticmethods.Wehave previously reported a one-step facile
method based on oleic acid modified iron oxide nanoparticles via com-
bined miniemulsion polymerization and sol–gel reaction for preparing
the ternarymagnetic compositeswith Janus or yolk–shellmorphologies
[32,33]. Suchmagnetic nanomaterials have demonstrated some advan-
tages in bio-detection of rare target by magnetic collection utilizing the
active surface functionality. However, the role of the oleic acidmodified
inorganic nanoparticles was not well understood in the formation of
the ternary composites. Few literatures have been reported about the
bilateral system, particularly on the influence of the surface chemistry
of Titania hydrosols on the stability and morphology of the hybrid
nanoparticles [34].
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In this study,we investigated the effect of surfacemodification of the
oleic acidmodified zinc oxide (OA-ZnO) nanoparticles on the composite
size and morphologies using a one-pot synthesis process. Two different
particle systemswere investigated: the OA-ZnO nanoparticles were de-
veloped in an in-situ synthesis with simultaneous surface modification,
and the other by post-modification of commercialized zinc oxide powder.
The oleic acid modified zinc oxide was used as the inorganic seeds.
Polystyrene/ZnO@SiO2 nanocomposites were prepared via a com-
bined process of miniemulsion polymerization and sol–gel reaction.
For bio-detection applications, carboxyl group was introduced to the
surface of the polymer component for conjugation of antibody. The
ternary systemwithout magnetic component was further developed
into a fluorescent probe by conjugating with the hydrophobic quantum
dots for immune detection of biomarkers via a sandwich method.

2. Materials and experiments

2.1. Materials

All reagents used were analytical grade and available commercially.
Zinc oxide (ZnO) was purchased from Emperor Nano Material Co.
(Nanjing, China). Oleic acid (OA, 90%) was purchased from Shanghai
Chemical Reagents Co. (Shanghai, China). Styrene (St), ammonium
hydroxide (NH4OH, 28 wt %), and Sodium hydroxide (NaOH) were
purchased from Sinopharm Chemical Regent Co. (Shanghai, China).
Tetraethoxysilane (TEOS), sodium dodecyl sulfate (SDS) and 4, 4′-Azobis
(4-cyanovaleric acid) (ACVA)were purchased from Sigma-Aldrich (USA).
Hexadecane (HD)was purchased from Acros Organics (USA). Hydropho-
bic quantum dots (CdSSe/ZnS core shell nanocrystals with particle size of
9 nm and molecular weight of 7.5 × 105) were purchased from Nanjing
technology Co. (Hangzhou, China).

The aforementioned chemicals were used as received. Styrene was
washed first with 5 wt % sodium hydroxide solution and stored at
−20 °C before using. High-purity nitrogen gas, provided by a local
supplier, was used for sparging solutions without further purification.
Deionized (DI) water was used throughout the entire experiment.

2.2. Synthesis of oleic acid-modified zinc oxide nanoparticles

OA-ZnO-a nanoparticles were fabricated by surface modification of
the commercial ZnO powder. With the index of particles' size by
Dynamic Laser Scattering (DLS) measurement, the orthogonal experi-
ments were carried out to optimize liquid–solid ratio, mixing time,
and the reaction temperature and time for surface modification of the
commercial ZnO powder. The optimum modification condition was
determined as follows. Briefly, oleic acid (1.94 mL) was dissolved in
ethanol (50 mL) with mechanical stirring. After adding ZnO nanoparti-
cles (0.25 g), the dispersion was heated to 60 °C which under 200 W
sonication (KQ-400KDV, Kunshan Ultrasonic Instruments Co, Ltd.) for
3 h. Finally, the dispersion was cooled down to room temperature.

Another type of OA-ZnO nanoparticles (OA-ZnO-b) was synthesized
via a modified process according to Heyon's work [35]. Both types
of OA-ZnO nanoparticles were collected by a centrifugal machine
(3000 rpm/min, 10 min), and the precipitate was dispersed in
50 mL ethanol and DI water with ultrasonication for 10 min. The
washing procedure was repeated for five times and the precipitate
was dried by freezing-drying for further use. The extra oleate and
oleic acid was removed from both OA-ZnO-a and OA-ZnO-b nano-
particles by washing.

2.3. Synthesis of polystyrene/ZnO@SiO2 nanocomposites

Anisotropic polystyrene/ZnO@SiO2 nanocomposites were prepared
via a combined process of miniemulsion polymerization and sol–gel
reaction reported by our group [32]. The water phase was prepared by
dissolving 0.092 g SDS in 39 g of DI water. The oil phase was prepared

by the following steps: HD (0.4 g) was first dissolved in St monomer
(7 g) by 3 min sonication, then OA-ZnO nanoparticles powder (0.025 g)
was then dissolved in the monomer phase. TEOS (2 g) was subsequently
resolved into the mixture of the hydrophobic components. The water
phase and oil phase were mixed by dropping the oil dispersion dropwise
to the water phase under 200 W sonication (KQ-400KDV, Kun Shan
Ultrasonic Instruments Co., Ltd., China), followed by 250 rpmmechanical
stirring for 30 min. Miniemulsion droplets system was developed by
sonicating the emulsions at 500 W in an ice bath with a duty cycle of
50% for 20 min by a Scientz-IID sonifier (JY92-2D, Ningbo Xinzhi
Bio-technology Co., Ltd., China). Upon neutralizing 0.12 g of ACVA by
1 mL of NaOH solution (0.856 M) and added into the flask, the system
was deoxygenized by nitrogen bubbling for 0.5 h with 250 rpmmechan-
ical stirring. With a condenser under nitrogen protection, the flask was
moved into 70 °C water bath to initiate St monomer polymerization.
After reaction for 1.5 h, 50 μL of NH4OH was added into the reaction.
After heating for another 5 h, the reaction system was stirred at room
temperature overnight. The final polystyrene/ZnO@SiO2 nanocomposites
were obtained by centrifugal separation.

2.4. Synthesis of QDs@ polystyrene/ZnO@SiO2 nanocomposites

The fluorescent nanocomposites were developed by doping a
controlled amount of hydrophobic QDs (5 mg) with the OA-ZnO nano-
particles into the oil phase. The steps were kept the same as synthesis of
polystyrene/ZnO@SiO2 nanocomposites.

2.5. Characterization

Transmission electron microscopy (TEM). The washed composite
particles were dispersed in DI water and dried onto carbon-coated
copper grids before examination. TEM images and energy dispersive
X-ray (EDX) analysis were obtained with a Philips Tecnai 20 electron
microscope.

Thermogravimetric analysis (TGA). A thermogravimetric analyzer
(Netzsch TG209, Germany) was used to analyze the surface modifica-
tion of the OA-ZnO. The measurement was performed under a nitrogen
atmosphere from ambient temperature to 900 °C with a heating rate of
10 °C/min.

Fourier transform infrared spectroscopy (FT-IR). FT-IR spectra of
unmodified ZnO and the OA-ZnO nanoparticles were obtained by
using the infrared spectrometer (Bruker Tensor 27, USA).

Dynamic light scattering (DLS). Hydrodynamic size of the nanocom-
posites and purified OA-ZnO nanoparticles were measured by the DLS
instrument (Zetasizer Nano-ZS, Malvern, U.K.).

Fluorescence spectra. The fluorescence of QDs and composite
nanoparticles were measured using a spectrophotometer (LS-55,
Perkin–Elmer, USA) at room temperature. Fluorescent composites
were dropped on glass slide.

Fluorescent imaging system. After dropping the fluorescent sample
onto a glass slide, the fluorescence imaging was performed by using
an inverted fluorescence microscope (Nikon ECLIPSE Ti, Japan).

3. Results and discussion

Fig. 1 shows the TEM images andDLS data of OA-ZnO-a andOA-ZnO-
b. As shown in Fig. 1A, OA-ZnO-a is of irregular shape with an average
size of 25 nm. In Fig. 1B, OA-ZnO-b mainly consists of mono-dispersed
spherical particles of a size about 15 nm. Note that in the former
(OA-ZnO-a), the oleic acid was functionalized by post-treatment
of the commercial ZnO powder and in the latter (OA-ZnO-b), the
nanocrystals were surface-functionalized during the in-situ synthesis.
With oleic acid coating, DLS data of the two kinds of OA-ZnO nanoparti-
cles show good dispersion in the organic solvent. Upon surface modifica-
tion, the hydrophobicity of the commercial ZnO particle was dramatically
improved. The hydrodynamic average diameter of OA-ZnO-a (Fig. 1C) is
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