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Janus nanoparticles are attaining profound interest due to their exciting and
multifunctional properties generated from their asymmetric structures. However,
control over synthesis, especially in solutions with small sizes, is a challenging
concern. Herein, a simple hydrothermal method was applied to integrate the
two highly biocompatible materials to design a Fez04-TiO> Janus structure.
The structural characterization techniques were justified the asymmetric nature
of the prepared nanocomposites. The average size of the JNPs was ~30 =+
2 nm, whereas the hydrodynamic size of Pluronic’® F-127-coated JNPs was
~120 nm. The PF-127 modified Fe304-TiO, JNPs showed good biocompatibility,
cancer cell targeting, and reactive oxygen species (ROS) generation ability. The
designed nanocomposites yielded excellent r, relaxivity 18.2 mM~'s~' and MR-
image enchantment, suggesting their capability as a T,-weighted contrast agent.
Moreover, the PF127@Fe304-TiOy JNCs probe caused efficient photo-toxicity
efficiency in vitro on 4T1 breast cancer cells under low-intensity UV light without
any adverse effects to the control group. The present research provides a simple
synthesis method and possesses an excellent imaging-guided therapeutic platform
for future cancer treatment and biomedical applications.

Keywords: MRI Contrast Agents, Magnetic Nanocomposites, Janus Nanostructure, Hybrid

Nanocomposites, Photodynamic Therapy

INTRODUCTION

xcellent progress has been made
in materials science and technol-
ogy during the recent few years.
Notably, the synthesis of nanostruc-

tured materials with controllable size and
shape has become an indispensable issue
in nano-world'. The morphology and
dimension of a nanoparticle are the most
essential factors to alter the chemical and
physical properties 2. Therefore,
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researchers have been paying attention
to the controlled fabrication of nano-
materials with various shapes 3. It is
expected that changing the exterior
morphology shape and dimensions of
nanomaterials would award them with
distinctive properties 4. Recently, inor-
ganic nanocomposite materials have
attracted enormous interest in life and
science’. To date, several techniques
have been employed to synthesize var-
ious types of nanocomposites, such as
matric-dispersed, core-shell, and Janus
colloidal nanoparticles °~°. Among
them, Janus nanoparticles (JNPs) have
been attracted considerable atten-
tion owing to their novel anisotropic
structure, multifunctional entities, and
diverse potential applications ranging
from science to medical '*!!. How-
ever, the control synthesis of small and
biocompatible Janus colloidal particles
in solution remains a big challenge.
Previously, various methods have been
used to synthesize the JNPs, such as
vapor deposition, electrostatic deposi-
tion, gel trapping technique, biphasic
electrified jetting, masking, sputter-
ing, and Pickering emulsion method '2.
However, implementing the techniques
mentioned above requires sophisti-
cated equipment, complex procedures,
and rigorous experimental conditions.
Therefore, developing a facile synthe-
sis method to prepare JNPs is highly
desired 314,

Recently, cancer diagnosis and
treatment have been improved by nan-
otechnology, and nanoparticles offer
significant hope to destroy cancerous
cells because of their small size and sur-
face functionalities for drug delivery
systems. In cancer diagnosis, several
techniques have been utilized to ana-
lyze melanoma, for example, X-ray,
computed tomography (CT), magnetic
resonance imaging (MRI), and positron
emission tomography (PET) '°. MRI is
a non-invasive diagnosis modality with
excellent safety, selectivity, and tissue
categorization potential, and it does not
produce high-ionization radiation that
can aberrant DNA, which is generally

exhibited during CT scans'®. MRI often
requires external contrast enchantment
agents for improved visibility and pre-
cise diagnosis in early cancer detection
and become a necessary part of MRI
1718 Tn clinics, 35% of MR scans were
performed by gadolinium-based con-
trast agents. However, some severe
drawbacks, including nephrogenic sys-
temic fibrosis (NSF) and brain deposi-
tion, are associated with GBCAs, and
researchers have been paying consider-
able attention to investigating the cause
of gadolinium toxicity and new types
of biocompatible contrast agents 1920,
Nowadays, manganese-based contrast
agents are top-rated, and mangafodipir
trisodium (Mn-DPDP) is absorbed by
hepatocytes because of its chemical
resemblance with vitamin Bg.

Nevertheless, the potential toxicity
concerns are also ascribed with free
Mn ions, which lead to developing the
parkinsonism-like syndrome. These
paramagnetic agents (Mn, Gd) have a
considerably lower magnetic moment
than super-paramagnetic agents 2'.
Therefore, in addition to the develop-
ment of contrast agents, iron oxide-
based contrast agents have gained
significant potential for positive and
negative contrast enhancement. Super-
paramagnetic iron oxide nanoparti-
cles (SPIONPs) are better substituting
Gd and Mn-based contrast agents due
to superior magnetic properties, high
relaxation time, and good biocompati-
bility 22724 Compared with paramag-
netic ions, a small dose of SPIONPs is
administrated into the human body to
conduct high-quality MRI.

In order to achieve remarkable ther-
apeutic outcomes, imaging modalities
are integrated with therapy functions to
design theranostic agents 2. The con-
ventional cancer treatment options are
surgery, radiotherapy, chemotherapy,
and presently small molecule-based
therapies are being adopted 2°. How-
ever, these kinds of therapies possessed
severe side effects such as chemother-
apy lefts systemic side effects, sur-
gical resection of tumors retain high

recurrence rate, and radiotherapy is
also dependent on the radiation dose
27-29  Therefore, modernization in the
conventional tumor therapeutic tech-
niques is very imperative. Moreover,
researchers have also been paying
attention to designing novel alternate
treatment methods which are safe, pos-
itive, and cost-effective. Photodynamic
therapy (PDT) is an alternative thera-
peutic methodology that utilizes a pho-
tosensitizer (PS), a suitable excitation
light source, and oxygen molecules
for treatment 3°. The ancient organic
PDT agents, for example, Ce6 and
ZnPc PS present easy light bleaching,
quick circulation, low biostability, and
poor water solubility 3'.On the other
hand, TiO,, inorganic PS, has been
considered a prospective photosensi-
tizing mediator for PDT 2. Titanium
dioxide can activate under UV light
to produce reactive oxygen species
(ROS) to execute cancer cells. Various
metallic nanoparticles have been doped
into TiO, to obtained multifunctional
applications such as imaging-guided
phototherapy and sono-dynamic ther-
apy of cancers. TiO, NPs have been
investigated intensively using theoret-
ical and experimental approaches due
to their low cost, high photocatalytic
properties, exceptional biocompatibil-
ity, physiological inertness, and high
chemical strength 3.

In this report, a facile synthesis
approach was adopted to fabricate the
nanocompistes of TiO, and Fe3O4,
two highly biocompatible nanoparti-
cles which are suitable for prepa-
ration of Janus-shaped structure for
enhanced T>-MR-Imaging and photo-
dynamic therapy of cancers (Schematic
1). Janus component material (TiO)
was mixed under the solvothermal
process, and then secondary parti-
cles Fe304 were produced using the
hydrothermal method. The cytotoxic-
ity, cellular uptake, ROS generation,
magnetic resonance imaging proper-
ties, and photodynamic therapy of pre-
pared Fe304-TiO, JNCs are discussed
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Scheme 1. The graphical representation of prepared Fe304-TiOy Janus nanocomposites for Tr-MR Imaging and Photody-

namic therapy using ROS generation

EXPERIMENTAL SETUP

Synthesis of Fe;04-TiO,
Nanocomposites

The solvent-thermal method was
adopted in the synthesis of monodis-
perse Fe304—TiO; nanocomposites.
Briefly, TiO, nanoparticles with about
25 nm were fabricated based on the pre-
viously reported method and dispersed
in toluene (10 mL) for further use®*.
In order to synthesize FezO04—TiO,
nanocomposites, 150 mg of Fe(acac);
were dissolved in 4 mL of octadecane
and 18 mL of n-octyl alcohol. Sub-
sequently, TiO, (1 mL) was injected
slowly into the above Fe(acac); solu-
tion. The mixtures were being stirred
for 4 h, the temperature was increased
to 70 °C for 10 min to evaporate the
non-polar solvent. Finally, the solu-
tion was cooled to room temperature

and transferred into a Teflon-lined
stainless steel autoclave. In the next
step, the reaction temperature was
kept at 240 °C for 2 h. Finally, the
as-prepared Fe304-TiO; nanocom-
posites were washed by ethanol and
centrifuged to collect the final product
and dispersed in cyclohexane. Finally,
Pluronic® F-127, FDA-approved tri-
block copolymer, was used to modify
prepared materials to improve the bio-
compatibility and transfer the organic
phase to aqueous. Briefly, PF127 (1 g)
was dissolved well in trichloromethane
CHCIl3 (100 mL), and then prepared
Fe304-TiO; nanoparticles (1 mL) were
added to the polymeric solution and
stirred for 4 h. Next, water (10 mL)
was added to the above solution to
prepare an aqueous-organic emulsion.
trichloromethane was removed using a
rotary evaporator. Finally, aqueous dis-
persed nanocomposites were obtained
and washed with ethanol before being

dispersed in water (10 mL).

Characterization techniques

To acquire the structural and compo-
sition information of the as-prepared
Fe304—Ti0O; nanocomposites, the Tec-
nai F20 transmission electron micro-
scope (TEM) with Energy-dispersive
X-ray spectroscopy (EDS) was used.
Bruker AXS D8 X-Ray Diffractome-
ter was used to investigate the crys-
tal structure. The MR imaging and
relaxivity performance of Fe304—TiO;
nanocomposites were tested using MRI
scanner system with a magnetic field
of 0.55 T (Shanghai Niumag Corpora-
tion).

In Vitro Cytotoxicity of
FE304—Ti02 JNCs

The toxicity behavior of prepared
Fe304-TiO; nanocomposites was
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Figure 1. (a) TEM images of TiO; (b, c) TEM, HR-TEM images, (d) EDS spectra and (e) XRD spectra of prepared Fe304—TiO;
nanocomposites.
examined through a colorimetric  Cellular uptake of Fe;04-TiO;

methyl thiazolyl tetrazolium (MTT)
assay of 4T1 cells. Accordingly, 4T1
cells were seeded in a 96-well plate
and then incubated with various con-
centrations of Fe304—TiO, nanocom-
posites (0, 10, 20, 40, 60, 80, and 100
g mL~") for 24h, respectively. After
that, the MTT assay was used to inves-
tigate the cell viability and pre/post-
UV irradiation at different times. The
power density of UV light was 6 mW
cm-2 and incubated for 4 hours before
checking viability. UV irradiation time
was 0 min, 15 min, and 30 min. Finally,
a microplate reader (iMark 168-1130,
Bio-rad, USA) with a wavelength
of 490 nm was used to evaluate the
absorbance of each well.

JNCs

For qualitative cellular uptake study
was analyzed by confocal laser scan-
ning microscopy (CLSM). 4T1 cells
were seeded at a density of 3x103
cells in a petri dish in DMEM sup-
plemented with 10 % FBS. The cells
were allowed to attach to the plates
for 12 h and then treated with Fe3Oy4-
TiO, NCs for 6 h, where the NCs were
labeled with fluorescein isothiocyanate
(FITC). Then, the cells were rinsed
with PBS three times and fixed with 4
% paraformaldehyde for 30 min. The
cell membranes and nuclei were stained
with Dil and DAPI, respectively, and
the cells were observed by CLSM. For
the qualitative assay, cytotoxicity was
measured using the live/dead viability
kit (Mesgen Biotech, Shanghai, China).
Fe304-TiO; nanocomposites with dif-

ferent concentrations (0, 10 and 40
pg/mL) were co-cultured with the
breast cancer 4T1 cells for 12 h. Then
the culture substance was replaced with
a fresh medium and exposed to UV
light (6 mW.cm~2) for 0, 15, and 30
min. After incubation for another 4 h
at 37 °C, the cells were stained for
30 min with Calcein AM and propid-
ium iodide (PI). Finally, the live/dead
cells were detected using a confocal
scanning laser microscope (A1, Nikon,
Japan) with excitation and emission of
green (Calcein-AM, ex/em = 488/518
nm) and red (PI, ex/em = 535/615 nm)
fluorescence.

RESULTS AND DISCUSSION

The control over anisotropic growth
is directly related to the hydrothermal
temperature and reaction time. Experi-
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Figure 2. (a) Size histogram ofpolymer-coated nanocomposites using dynamic light scattering, (b) zeta potential of Fe304-TiO;
and PF127 coated Fe3;04-TiOy nanocomposites, (c) toxicity evaluation profile using MTT assay using various concentrations
of aqueous dispersed Janus nanocomposites, and (d) UV-vis absorbance spectrum of nanocomposites and ROS generation

analysis.

mentally, two steps were carried out to
synthesize Fe304-TiO, Janus-shaped
nanocomposites. Firstly, seeds of TiO;
nanoparticles were prepared using oleic
acid and oleylamine (OM) by the
decomposition of tetra-butyl titanate
(TBOT). In the second step, Fe304 NPs
were grown onto prepared TiO; at high
temperature (220 °C ) in the presence
of organic surfactants, resulting in het-
erostructure or nanocomposites by the
de-wetting process.

Before starting magnetic resonance
imaging and photodynamic therapy
of cancer, cellular uptake and cell-

nanoparticle interaction information
are important to examine. Figure 3
shows the laser confocal microscopy
images of FITC loaded PF127@
Fe304-TiO, JNPs after incubation
with 4T1 cells for 6 h. The fluorescent
JNPs are noticeably penetrated into
the cancerous cells, showing signifi-
cant internalization, which is benefi-
cial for therapeutics. Research showed
that Pluronic F127 coating not only
improves the biocompatibility of the
nanoparticles but also possesses the
complementary function to target the
cancer cells without interaction with

the normal cells. The good structural
properties, biosafety, targeting ability,
and ROS generation results of the syn-
thesized JNPs certified their suitability
for biomedical applications.

The successful preparation of TiO,
NPs and Fe304-TiO, Janus-shaped
structure was justified using TEM
images (Figure 1). The well-dispersed
TiO, NPs with an average size of 2542
nm can be seen in Figure 1(a). The
high magnification and high-resolution
TEM images of prepared FezO04-TiO,
JNCs are shown in Figure 1 (b, c),
demonstrating that both materials are
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Figure 3. Cellular uptake investigation of FITClabeled PF127 coated FezO4-TiO> JNCs after incubation of 4T1 cancerous
cells.
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Figure 4. (a, b) Tr-weighted MR images and (c, d) a plot of ry and r relaxivity values of the Fe304-TiO,@PF-127 Janus
nanostructure obtained using aqueous suspensions at various Fe concentrations.
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Figure 5. 4T1 breast cancer cell viability assessed after Fe304-TiO, nanocomposites were incubated with cells and UV light
irradiation treatment at different times and concentrations

integrated in Janus shape with approx-
imately 304+2 nm in sizes. HRTEM
further noticeably illustrates the het-
erodimer pattern of prepared materials,
and the inter-planar spacing 0.3517 nm
and 0.2518 nm is well-matched with
the (101) plane of TiO; and the (311)
plane of Fe3O4, respectively. Further-
more, the EDS spectrum (Figure 1 d)
also indicated the presence of Fe, Ti,
and O elements, further providing evi-
dence of the purity of prepared Fe3O4-
TiO, nanocomposites.

The fabricated material was further
investigated by X-ray powder diffrac-
tion to understand the crystal structure

information. Figure 1(e) reveals the
XRD spectra of Fe304-TiO, nanocom-
posites, demonstrating that the pre-
pared material contains the peaks of
both components. XRD spectra is well-
matched with the tetragonal anatase
structure of TiO, (JCPDS file No. 21-
1272), and the tetragonal hausmannite
structure of Fe304 (JCPDS file No. 24-
0734). The overlap planes obviously
show that the nature of the designed
material is heterostructural. The struc-
tural results validate that the nanoparti-
cles of Fe304 and TiO, are organized
in Janus shape.

In order to improve the biocompat-
ibility, FDA-approved triblock copoly-
mer Pluronic F127 (PF127) was drafted
onto the surface of INCs. After coating,
size and surface potential were assessed
to identify the effect of surface modifi-
cation which is critical for biomedical
applications. The hydrodynamic size of
the uncoated and PF127 coated JNPs
was measured to be 70 nm and 150
nm, respectively. In addition, the zeta
potential of the PF127 modified and
unmodified JNPs was evaluated to be
-24 eV and -8 eV, respectively. The
good aqueous dispersion ability and
zeta potential results indicate the suc-
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Figure 6. CLSM images of PI and Calcein-AM double-stained 4T1 cells under UV irradiation (scale bar is 100 um).

cessful drafting for PF127 polymer.
Cell cytotoxicity assessments of pre-
pared JNPs were carried out by MTT
assay using 4T1 mice breast cancer cell
line. JNPs were incubated with the can-
cer cells, and over 90% cell survival
rate (Figure 2¢) was observed at a high
concentration (100 ug mL~!), show-
ing promising biocompatibility of pre-
pared Fe304-TiO, JNPs. Furthermore,
UV-vis results showed that the Fe304
nanoparticles broaden the absorption
from ultraviolet to visible region con-
sistent with the previous reports 3°.

After the improvement in the absorp-
tion, the increase in reactive oxygen
species (ROS) must be carried out
to understand the photo-killing effi-
ciency of prepared JNCs. Therefore,
1,3-Diphenylisobenzofuran (DPBF), a
common ROS quencher, was selected
as a probe to examine the ROS level
produced by Fe304-TiO, JNPs after
UV treatment. DPBF responds irre-
versibly with ROS produced by pho-
tosensitizers, resulting in a decrease in
absorption of the DPBF at 415 nm °.
The JNCs combined with DPBF exhib-

ited a noticeable absorption peak at 415
nm, corresponding to the DPBF. How-
ever, excellent degradation of DPBF
is detected after the UV-irradiation (5
min), representing a high concentration
of ROS generation (figure 2d) which
induces apoptosis.

In order to take advantage of the
magnetic (Fe3O4) component in the
prepared nanocomposites, magnetic
resonance imaging and relaxivity mea-
surements were investigated using 0.55
T MRI scanner. The brightness of the
phantom images decreased by increas-
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ing the concentration of JNCs, demon-
strating that the prepared sample has
potency appreciably as a To- MRI con-
trast enhancement agent. The negative
MR-Imaging signal strength is also
distinct in color images (Figure 4 b).
In addition, the calculated r; and rp
value are about 1.1 mM~'S~! and 18.2
mM~!S™!, respectively, further show-
ing the suitability of INPs as T, contrast
agent.

The excellent biocompatibility and
cellular uptake, photodynamic therapy
(PDT) effect of the prepared Fe3O4-
TiO; Janus NPs was tested against 4T1
cancer cells in the presence of an exter-
nal UV irradiation source. The PDT
efficacy was evaluated via MTT assay.
Photo-toxicity mechanics are signifi-
cantly based upon the exposure dura-
tion under UV irradiation and concen-
tration of Fez04-TiO, JNPs as shown
in Figure 5. It was observed that the via-
bility of control groups (without JNCs
and without UV irradiation) was not
changed, indicating the dose safety of
UV. Remarkably, maximum cells death
was noticed in the JNCs groups under
30 min of UV irradiation with 6 mW
cm 2, resulting in the highest PDT effi-
cacy of the synthesized Fez04-TiO;
Janus NCs.

The CSLM images of 4T1 murine
breast carcinoma cells further verified
an in vitro efficiency of PDT. The
green fluorescence emitted by live cells
was prominently recorded from control
groups, which revealed the nontoxic
impact of UV irradiation at 6 mW cm 2
intensity over cancerous cells (Figure
6). While the significant increases in
red fluorescence were observed as the
exposure duration of UV irradiation
and concentration of JNCs enhanced.
The complete deceased of cancer cells
were recorded at 40 pg mL~! with
30 min of UV exposure supported the
rationale of the maximum apoptosis
rate. These results demonstrated that
the prepared Fe3;04-TiO, Janus NCs
extraordinarily generated in vitro reac-
tive oxygen species such as singlet oxy-
gen (10,), as discussed above (Fig-

ure 2d), leading to effective carcinoma
cells ablation under UV irradiation.

CONCLUSIONS

In this report, Fe304-TiO; anisotropic
Janus nanoparticles are designed using
a simple hydrothermal method. The
secondary particle (Fe304) developed
on the surface of the primary parti-
cle (TiO,) to establish a Janus-shaped
structure using the concept of epitax-
ial growth. The prepared JNCs showed
homogeneous growth and admirable
dispersion in non-polar solvents. Fur-
thermore, the absorption of TiO, is
shifted towards the visible region with
the addition of Fe3O4. The PF127
coated nanocomposites revealed good
biocompatibility and synergetic prop-
erties, resulting in enhanced cellu-
lar uptake and ROS generation. The
designed JNCs demonstrated great T,
contrast enchantment, which may help
early diagnose liver cancer. Finally,
the promising photodynamic therapeu-
tic efficacy is achieved by Fez04-TiO;
Janus nanocomposites, and mostly 4T1
breast cancer cells are died by the syn-
ergetic effect of the Janus structure
under the low intensity of UV irradia-
tion (6 mW cm~2).
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