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 Dual Surface-Functionalized Janus Nanocomposites of 
Polystyrene/Fe 3 O 4 @SiO 2  for Simultaneous Tumor Cell 
Targeting and Stimulus-Induced Drug Release  
 One of the critical challenges in medical diagnosis and therapy 
using nanotechnology is the assembly of multiple components 
in a multifunctional delivery system. This includes functionali-
ties that can be structurally and chemically tailored in a nano-
carrier for multi-modality imaging, cell targeting, drug storage, 
and controlled drug release. Development of these complex 
systems primarily utilizes existing basic nanosystems, such as 
carbon nanotubes, graphene, iron oxides, silica, quantum dots, 
and polymeric nanomaterials. Extensive attempts have been 
made to design, synthesize, and assemble some of these major 
components described above, for diagnostic and therapeutic 
delivery systems. Most of the approaches center on surface 
functionalization with drugs, [  1  ]  biotechnology-derived mol-
ecules, including DNA, [  2  ]  RNA, [  3  ]  peptides, [  4  ]  and antibodies, [  5  ]  
and imaging agents such as quantum dots. [  6  ]  One of the major 
limitations of this approach is the single surface structure of the 
nanosystem. To date, nanoparticles represent the most widely 
used carrier system for multifunctional drug delivery appli-
cations. [  7  ]  These structures normally assume a symmetrical, 
spherical or tubular geometry with limited surface available 
for attachment of multiple components. Frequently, multifunc-
tional conjugates on a single carrier interact with each other 
leading to undesired adverse effects. The design and assembly 
of a symmetrical, single surface carrier is further complicated 
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by unfavorable structural and chemical arrangements of these 
functional components. It is, therefore, critical to develop 
multi-surface nanostructures for assembly of a variety of com-
ponents using a clinically acceptable drug delivery platform that 
can best utilize the intrinsic properties of the nanomaterials. 

 Janus nanoparticles possess multiple surface structures 
that are anisotropic in shape, composition, and surface chem-
istry. [  8  ]  Their structural asymmetry is ideally suited for multiple-
component conjugations on a single-particle system. [  9  ]  More 
importantly, functionally distinct surfaces of the Janus particle 
can be used to selectively conjugate specifi c chemical moieties 
for cell targeting, non-invasive imaging, and/or therapeutic 
intervention. [  10  ]  These characteristics of the Janus nanoparti-
cles render them truly “multifunctional entities”. [  11  ]  A variety of 
fabrication methods [  12  ]  have been reported to synthesize Janus 
nanoparticles for applications such as surfactants, [  13  ]  mag-
netic-fl uorescent display or imaging, [  14  ]  catalysts, [  15  ]  and drug 
delivery. [  16  ]  However, only a few studies explored the potential 
of these chemically different surfaces on Janus nanoparticles 
for multifunctional drug delivery applications that simulta-
neous achieve cell targeting and stimulus-induced drug release. 

 In this study, super-paramagnetic Janus nanocomposites 
(SJNCs) of polystyrene/Fe 3 O 4 @SiO 2  were developed using a 
combined process of miniemulsion and sol–gel reaction. [  17  ]  The 
structure of SJNCs is schematically illustrated in  Figure    1  . The 
SJNCs are composed of a polystyrene (PS) core and a half silica 
shell with iron oxide nanoparticles embedded in its matrix. 
Conceptionally, the nanocomposite comprises two unique 
surfaces suitable for selective chemical modifi cation using dif-
ferent functional groups. In contrast to previous approaches 
used to prepare Janus nanoparticles, [  18  ]  this communication 
outlines for the fi rst time a one-pot facile synthesis that suc-
cessfully yields a Janus structure with desired dual functionali-
ties for drug delivery applications.  

 To engineer chemically distinct surface properties required 
for simultaneous cell targeting and stimulus-induced drug 
release without chemical or steric interference, the PS matrix 
was surface-decorated with carboxyl groups. Tumor cell tar-
geting was attempted by the conjugation of folic acid (FA) to 
the PS surface using a bis-amine linker (Figure  1 ). The anti-
tumor agent doxorubicin (DOX) was immobilized to the silica 
shell via a pH-sensitive hydrazone bond facilitating stimulus-
induced drug release. It was hypothesized that this design 
enables effi cient interaction of the drug-loaded Janus struc-
ture with cancer cells that overexpress folate receptors. [  19  ]  Fol-
lowing receptor mediated endocytosis, exposure to the acidic 
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     Figure  1 .     Schematic diagram illustrating the synthesis of polystyrene/Fe 3 O 4 @SiO 2  superpara-
magnetic Janus nanocomposites (SJNCs) and the proposed mechanisms for tumor cell tar-
geting and stimulus-induced drug release.  
endosomal compartment (pH 4.5–6.5) [  20  ]  is predicted to hydro-
lyze the pH-sensitive linker releasing pharmacologically active 
DOX. The therapeutic advantage of this novel nanostruc-
ture is that only tumor cells will be exposed to high concen-
trations of the cytotoxic DOX because of chemical stability 
of the hydrazone bond during bloodstream circulation at pH 
7.4. Consequently, patients are expected to suffer less from 
side effects that are commonly associated with the systemic 
2 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wei

     Figure  2 .     A) Elemental mapping of an individual SJNC. B) TEM image of SJNCs, the scale bar is 2
the scale bar is 100 nm. C) the magnetization curve of SJNCs. D) FTIR spectra of a) SJNCs, b) FA
E) Magnifi ed FTIR spectra of SJNCs. F) UV–vis spectra of: a) SJNCs, b) FA-SJNCs, c) FA-SJNCs-
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circulation of free DOX. Furthermore, incor-
poration of iron oxide nanoparticles allows 
non-invasive in vivo imaging using MRI, 
magnetic targeting, and generation of mag-
netically-induced hyperthermia that sensi-
tizes tumor cells to cytotoxic drugs. [  21  ]  Thus, 
the Janus nanosystem is an ideal platform 
for developing versatile functionalities in bio-
medical applications. 

 SJNCs were synthesized using a one-pot 
miniemulsion process similar to the method 
reported in one of our earlier studies. [  22  ]  
Briefl y, styrene monomer, tetraethoxysilane, 
hexadecane, and oleic acid-functionalized 
iron oxides were mixed for miniemulsifi ca-
tion process to form an oil-in-water minie-
mulsion system with sodium dodecyl sulfate 
as stabilizer. 4,4′-Azobis(4-cyanovaleric acid) 
was used as polymerization initiator that 
simultaneously allowed introduction of car-
boxyl groups on the PS surface. As shown in 
the scanning transmission electron micro-
scopic (STEM) and transmission electron 
microscopic (TEM) images ( Figure    2  A,B), the dual-functional-
ized SJNCs have a PS core of  ≈ 200 nm and a silica half shell 
with the thickness of around 100 nm. Fe 3 O 4  nanoparticles of 
 ≈ 10 nm are found to be dispersed and embedded in the matrix 
of the silica half shell. Physical stability of these Janus parti-
cles, following incubation for 6 days in buffer solutions ranging 
from pH 5–9, was confi rmed (data not shown). Dynamic 
light scattering (DLS) data (see Supporting Information, 
nheim

00 nm; inset: the SJNS image at higher magnifi cation, 
-SJNCs, c) FA-SJNCs-NHNH 2 , and d) FA-SJNCs-DOX. 
NHNH 2 , and d) FA-SJNCs-DOX.  
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     Figure  3 .     A) DOX release profi les from SJNCs-DOX conjugates at a) pH 
5.0; b) pH 6.0, and c) pH 7.4. B) In vitro cytotoxicity profi les of DOX, FA-
targeted SJNCs-DOX conjugates, non-targeted SJNCs-DOX conjugates, 
and drug-free control SJNCs (FA functionalized and hydrazide modifi ed, 
i.e., FA-SJNCs-NHNH 2 ) using human MDA-MB-231 breast cancer cells. 
C) IC50 values estimated for FA-targeted SJNCs-DOX in the presence 
and absence of 1 m M  FA and non-targeted SJNCs-DOX ( n   =  3,  ∗  p   <  0.05, 
 ∗  ∗  ∗  p   <  0.001).  
Figure S1) revealed a mean fully-hydrated particle size of 
313 nm with a poly dispersity index (PDI) of 0.090. Elemental 
mapping (Figure  2 A) confi rmed a core predominantly com-
posed of carbon while the half shell contains iron, silicon, and 
oxygen. The small peak at 1712 cm  − 1  in the FTIR spectra of 
SJNCs (Figure  2 E) indicates the presence of carboxyl groups. 
According to the TG analysis (see Supporting Information, 
Figure S2), the polystyrene accounts for 14.2 wt.% of the nano-
composites. The SJNCs have a good magnetic response with 
a saturated magnetization at 8 emu g  − 1  (Figure  2 C). The mag-
netic property of the composite can be used for the potential 
applications in MRI, magnetic targeting, and hyperthermia.  

 Carbodiimide - mediated coupling reaction was used to 
modify the PS surface with folic acid (FA). First, folic acid was 
linked to the poly(ethylene glycol) bis-amine spacer. Then the 
as-synthesized FA-PEG-NH 2  was conjugated to the PS surface. 
The UV-Vis spectrum shown in Figure  2 F suggests successful 
surface immobilization of FA as evident by the characteristic 
shoulder around   λ    =  363 nm in the SJNCs curve after modi-
fi cation. [  23  ]  To couple DOX onto the silica surface, a silane-
hydrazide crosslinker was synthesized by reacting 3-(triethox-
ysilyl)propyl isocyanate with adipic acid dihydrazide. After silica 
surface was modifi ed with this crosslinker, DOX was covalently 
attached via formation of a hydrazone bond. The reaction 
scheme is illustrated in Figure S3, Supporting Information, 
in supporting information. DOX-containing SJNCs exhibit a 
broad shoulder in the UV-Vis spectrum, with the maximum 
absorption around   λ    =  517 nm that is distinct from the spec-
trum of the hydrazide-modifi ed SJNCs. This peak deviates from 
the characteristic absorption maximum of free DOX around 
  λ    =  480 nm, most likely due to covalent immobilization. [  24  ]  On 
average, DOX loading was found to be 2.08  ±  0.2% (w/w). 

 Therapeutically required release of DOX from the Janus 
structure was predicted to be accelerated under acidic condi-
tions in the endosome due to acid-catalyzed hydrolysis of the 
hydrazone linker. The in vitro drug release profi les shown in 
 Figure    3  A demonstrate that initial DOX release is four-fold 
faster at pH 5.0 than at pH 7.4. More importantly, the total 
amount of DOX released from these new Janus particles sig-
nifi cantly increased under acidic conditions (25.1% (w/w) at 
pH 7.4, 47.1% (w/w) at pH 6.0, and 82.6% (w/w) at pH 5.0, 
respectively). This strongly supports our hypothesis that pre-
mature release of the cytotoxic drug during blood circulation is 
minimal due to the favorable stability of the hydrazone linker at 
pH 7.4. [  25  ]  Consequently, patients are expected to greatly benefi t 
from reduced cardiac side effects because of lower free DOX 
blood concentrations. [  26  ]   

 Feasibility of effective tumor targeting and cell killing with 
this novel, stimulus-induced drug delivery system was assessed 
using the human MDA-MB-231 breast cell line, which is a 
generally accepted in vitro model of hormone-independent 
breast cancer cells overexpressing folate receptors. [  27  ]  Drug-
containing SJNCs with and without FA targeting ligands were 
incubated with MDA-MB-231 cells in Hank’s balanced salt 
solution (HBSS), pH 7.4 (for detailed composition see Experi-
mental Section, Supporting Information). After a 4 h incuba-
tion period, cells were washed twice with HBSS and incubated 
another 48 h using serum-containing media before cell viability 
was quantifi ed. To demonstrate folate-mediated cellular uptake, 
3wileyonlinelibrary.com© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Mater. 2013, 
DOI: 10.1002/adma.201301376
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 competition experiments were performed in the presence of 

1 m M  FA using the same experimental procedure. 
 Dose-dependent cytotoxicity profi les for free DOX, DOX-

loaded Janus systems, and drug-free control particles are shown 
in Figure  3 B,C. In the absence of drug, Janus particles were rea-
sonably safe up to 3 mg mL  − 1  (cell viability  > 90%). DOX alone 
signifi cantly reduced viability of MDA-MB-231 breast cancer 
cells in a dose-dependent manner. The concentration killing 
50% of the cells (IC50) was estimated as 3.3  ±  0.3  μ g mL  − 1 . 
Janus particles with covalently attached DOX (SJNCs-DOX) 
also reduced cell viability of these human breast cancer cells 
with an estimated IC50 of 1030.2  ±  416.1  μ g mL  − 1 . Since the 
mechanism of action requires DOX to enter the nucleus, these 
results suggest that this cytotoxic drug is effi ciently released 
from the Janus structure after cell internalization. Considering 
an average drug loading effi ciency of  ≈ 2% (w/w), the apparent 
cytotoxicty of DOX coupled to non-targeted Janus particles was 
fi ve-fold reduced when compared to free DOX. In contrast, FA-
targeted drug-containing Janus particles (FA-SJNCs-DOX) were 
signifi cantly more toxic reducing viability of these breast cancer 
cells with an IC50 of 255.3  ±  55.1  μ g mL  − 1  (see Supporting 
Information, Table S1). Normalized to the  ≈ 2% (w/w) drug 
loading effi ciency, these results imply an apparent cytotoxicty 
equivalent to free DOX. To delineate whether folate-mediated 
endocytosis effectively contributes to the equipotent cytotox-
icity of FA-SJNCs-DOX, cell viability studies were performed 
in the presence of 1 m M  FA. Inclusion of this competitor for 
the folate receptor binding sites is anticipated to dramatically 
reduce folate-mediated endocytosis of FA-SJNCs-DOX. The four-
fold increase in the IC50 for FA-SJNCs-DOX in the presence of 
1 m M  FA clearly demonstrates that covalent coupling of FA as 
targeting ligand dramatically augments cellular internalization 
of this novel nanocomposite resulting in a similar cytotoxicity 
profi le on a per weight basis as free DOX. To further elucidate 
the impact of the Janus geometry on cellular internalization, 
computer simulation studies as performed by Ma and col-
leagues [  28  ]  could effectively lead to refi ned specifi cations of Janus 
nanocomposites with increased target selectivity and effi cacy. 

 In summary, a unique Janus assembly was developed com-
prised of polystyrene/Fe 3 O 4 @silica. Our experimental data 
demonstrate that this versatile system possesses dual surfaces 
for effective conjugation of functionally different chemical moi-
eties. Surface immobilization of FA targeting ligands on the 
carboxyl-functionalized PS matrix effectively enhances tumor-
selective targeting and internalization. Attachment of DOX via 
a pH-sensitive hydrazone linker to the silica surface enables 
controlled, stimulus-induced release of the cytotoxic drug after 
internalization under acidic conditions in endosomal compart-
ments. Silica-embedded Fe 3 O 4  nanoparticles render this Janus 
nanostructure super-paramagnetic suitable for multimodal 
imaging and hyperthermia-induced sensitization of tumor 
cells. Consequently, this novel nanoassembly with dual surface 
functionalities offers an innovative drug delivery platform for 
multidimensional cancer treatment.  

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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