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Multifunctional Magneto-Polymeric Nanohybrids for Targeted
Detection and Synergistic Therapeutic Effects on Breast Cancer**

Jaemoon Yang, Choong-Hwan Lee, Hyun-Ju Ko, Jin-Suck Suh, Ho-Geun Yoon, Kwangyeol Lee,

Yong-Min Huh,* and Seungjoo Haam*

High-resolution molecular and cellular imaging is one of the
most promising applications of nanoparticles, and a number
of nanostructured materials, especially of cadmium-contain-
ing II-VI semiconductors, have been developed to suit this
purpose.!l Recently, it was demonstrated that magnetic
nanoparticles can be utilized as excellent magnetic resonance
imaging (MRI) probes for noninvasive in vivo monitoring of
molecular and cellular events.”! We recognized the presence
of a number of biocompatible polymers suitable for targeted
drug delivery® and came upon an idea to combine the
magnetic nanocrystals as ultrasensitive MR contrast agents,
anticancer drugs as chemotherapeutic agents, and biodegrad-
able amphiphilic block copolymers as stabilizers into a
multifunctional hybrid nanosystem. The prepared multifunc-
tional magneto-polymeric nanohybrids (MMPNs) further
modified by antibodies would seek cancerous parts and
allow simultaneous MR imaging and treatment (Scheme 1).
Herein, we report a novel protocol for the preparation of
MMPNs and characterization to evaluate the sensitivity and
stability of prepared nanohybrids. Furthermore, targeted
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Scheme 1. Schematic illustration for the fabrication of MMPNs.

detection ability by MRI and synergistic tumoricidal efficacy
on breast cancer cells were investigated for cellular and
animal models.

Monodispersed magnetic nanocrystals, soluble in organic
solvents, were synthesized as reported (Figure 1a,b).! To
obtain the required water solubility, the hydrophobic nano-
crystals and anticancer drug (doxorubicin, DOX) were
simultaneously encapsulated with the amphiphilic block
copolymer by a nanoemulsion method to give MMPNs P!
The structures of MMPNs examined by TEM are shown in
Figure 1c,d, and the sizes of the MMPNs are consistent with
the results from laser scattering: 69.7 + 8.7 nm (MnFe,O,) and
72.8+£93nm (Fe;0,), respectively (see the Supporting
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Figure 1. TEM images of magnetic nanocrystals of a) MnFe,O, and

b) Fe;O, and MMPNs containing c) MnFe,O, or d) Fe;O, nanocrystals.
e) Graph of relaxivity versus the concentration of MMPNs; MnFe,O,
(@), Fe;O, (a). f) Magnetic hysteresis loops of magnetic nanocrystals
(solid line) and MMPNs (dashed line); MnFe,O, (black) and Fe;O,
(gray). Ms is a standard magnetization (80.77 emug™'); M,, is the
magnetization of each of the magnetic nanocrystals and MMPNs
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Information). The amount of magnetic nanoparticles in the
MMPNs was determined with a thermogravimetric analyzer
to be 41.7 wt% (MnFe,0,) and 40.9 wt% (Fe;0,) (see the
Supporting Information).

For evaluation of the effectiveness of the diagnostic
abilities, we investigated the magnetic properties and induced
MR signals of the two types of MMPNs. The spin-spin
relaxation time weighted (7,-weighted) spin-echo MRI of
drug-loaded MMPNSs showed a significant shift in the lower
signal intensity that increased with the concentration of
MMPNs (Supporting Information). The relaxivity coefficient
of MMPNs containing MnFe,O, nanocrystals (567 mm's™')
was remarkably larger than that of MMPNs with Fe;O,
nanocrystals (333 mm's™!; Figure 1e). Better sensitivity of
MnFe,O, than Fe;O, in MRI applications has recently been
demonstrated for individual nanoparticles.”! It was also
reported that the MR sensitivity is greatly enhanced by
clustering individual magnetic nanocrystals.’) The hysteresis
loops of MMPNs were observed using a vibration sample
magnetometer at 300 K (Figure 1 f). Our results showed that
the MMPNs exhibited superparamagnetic behavior without
magnetic hysteresis. The saturation of magnetization values
for MMPNs were 48.78 emug ™' (MnFe,0,) and 40.65 emug ™"
(Fe;0,) at 1.5 T, which are smaller than those of correspond-
ing magnetic nanoparticles, 80.77 emug™' (MnFe,O,) and
73.98 emug™ (Fe;0,), owing to the presence of organic
components.

As MR probes in aqueous phase, the MMPNs demon-
strated excellent colloidal stability at a high concentration (up
to 1 mm of MMPNs), in a wide range of salt concentrations
(NadCl, ca.5M), and within various pH ranges (from about
pH 4 to about pH 12; Supporting Information).

The targeting efficacy of the MMPNs
and their detection by MRI were inves-
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HER2/neu cancer markers, were com-
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MB-231 cells, demonstrating the efficient targeted delivery
of MMPNSs for the HER2/neu receptor. IRR-MMPN-treated
cells, however, showed partial enhancement against the MR
signal intensity owing to nonspecific binding.”!

The fluorescence intensity of NIH3T6.7 cells treated with
HER-MMPNs was larger than that of MDA-MB-231 cells
(Supporting Information). In addition, the confocal micro-
scopic images showed that NIH3T6.7 cells incubated with
HER-MMPNs presented excellent uptake efficiency com-
pared to other cases (Figure 2b-e). In the case of NIH3T6.7
cells treated with HER-MMPNs, a bright green color was
observed in the microscopic image, whereas faint green
fluorescence was noted for the IRR-MMPNs. These flow
cytometry analysis and microscopic results demonstrated that
HER-MMPNSs successfully bind to NIH3T6.7 cells and are
subsequently taken into the cells.

To assess the therapeutic potential for the combination of
therapeutic antibodies and chemotherapeutic drugs, the
degree of drug release and the inhibition of cell growth
were investigated. The amount of DOX in the HER-MMPNs
and entrapment efficiency were 3.3 wt % and 71.4 %, respec-
tively. These results were similar to those of the MMPNs:
3.5wt% (amount of DOX in the MMPNs) and 73.5%
(entrapment efficiency). Drug-release data from the prepared
MMPNs and HER-MMPNs are shown in Figure 2f. The
release test was performed in triplicate, and the obtained
values were used to calculate a mean value and standard
deviation. After 3 and 12 days, 60% and 80% of the
encapsulated DOX was released from the MMPNs and
HER-MMPNs, respectively, owing to polymer degradation.

We next determined the in vitro differential cytotoxicity
of HER-MMPNs, IRR-MMPNs, and HER-MNPs (HER
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express low levels of the cancer mar-
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surface of the MMPNs. The difference of g 40 5 ,.-o-Free DOX B 4oi-o-Free DOX
ARZ/RZnonlrealed (Rz: Tz’l) in cells treated § 20 s+ MMPNs % 20 EFRERE;% % 20 za&gg%
with HER-conjugated MMPNs (HER- 5 | ARG © 2 HERMMPNs B B Ly

MMPNSs) compared to those of MMPNs 08 8
conjugated with an irrelevant antibody
(IRR, human IgG; IRR-MMPNs) were
about 320% (NTH3T6.7) and about 57 %
(MDA-MB-231),  respectively  (Fig-
ure 2a). In addition, HER-MMPNs
exhibited specific affinity (4.4 times) for
NIH3T6.7 cells compared with MDA-
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Figure 2. a) The T,-weighted MR images, their color maps and graph of AR,/R,"""*** value
for NIH3T6.7 and MDA-MB-231 cells (IRR-MMPNs; black, HER-MMPNs; white). b,c) Confo-
cal microscopic images of NIH3T6.7 cells incubated with HER-MMPNs (b), IRR-MMPNs (c);
d,e) MDA-MB-231 cells incubated with HER-MMPNs (d) and IRR-MMPNs (e). f) Drug-release
profile of MMPNs and HER-MMPNSs for 12 days. g,h) Cell-viability test of NIH3T6.7 (g) and
MDA-MB-231 cells (h) by MTT assay; treated with free DOX, free HER, DOX +HER, HER-
MNPs, IRR-MMPNs, and HER-MMPNs (equivalent amount of HER and DOX).
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conjugated with a non-drug-loaded magnetic nanoparticle—
polymer hybrid) using an MTT assay on NIH3T6.7 and MDA-
MB231 cells, compared to those of DOX + HER, free HER,
and free DOX. Cells were incubated for 4 h with those
prepared samples."! After the initial incubation period, the
cells were washed and incubated further for 72 h. The cell
viabilities are presented as the ratio of the number of live cells
incubated under the above conditions to the number of
nontreated control cells (Figure 2g,h). Our data show that
HER-MMPNs are remarkably more cytotoxic than the
conventional combination of DOX + HER (11.3+3.2% vs.
22.9+1.4%, respectively) on NIH3T6.7 cells whereas HER-
MMPNs did not have a different effect on MDA-MB231 cells
(258+52% vs. 28.6+2.0%, respectively) at equivalent
DOX concentration (80 nm). These noticeable results show
that HER-MMPNSs easily enter into the intracellular cyto-
plasm by a tumor-target-mediated endocytosis pathway and
efficiently release DOX. The cytotoxicity is further enhanced
by the additional inhibitory effect of HER on cell growth and
proliferation. Furthermore, we observed that the cytotoxic
effect of HER-MMPNSs was larger than the combined effect
of both HER-MNPNs and IRR-MMPNs (11.3+3.2% vs.
16.7 +£3.3 %, respectively). This enhanced efficacy indicates
that effects of HER and DOX mediated by MMPNs are
synergistic, thus making HER-MMPNs effective for the
treatment of breast cancer.

We further investigated the MR images of an in vivo
mouse model using well-dispersed aqueous MMPNs as smart
contrast agents for breast cancer detection. In a set of nude
mice, subjects were implanted in their proximal thigh region
with NIH3T6.7 cell lines. MR imaging of the mice was
performed at different temporal points (preinjection, post-
injection (immediately, 4 h, and 12 h) after the intravenous
tail injection of the HER-MMPNs (120 pg Fe +
Mn; Figure 3 a-h). After injection of the HER-
MMPNs, an immediate color change to black
was evident, and a continuous AR,/R,"™ value
increase of about 50.5% was observed after
injection and about 23.2% at 12h. The T5-
weighted MR images for IRR-MMPNs, which
were used as a control (AR,/R,” value increase
of about 14.4 % after injection and about 6.2 %
at 12 h), were consistent with previous in vitro
studies and showed a mild enhanced perme-
ability and retention (EPR) effect on the tumor
site. These results imply that the HER-MMPN5s
as MR probes make it possible to actively reach
and effectively bind to the target cancer cells of
the proximal thigh region.

For investigation of therapeutic efficacy of
our HER-MMPNs, the tumor growth rate of an
animal model xenografted with NIH3T6.7 cells
was evaluated. After tumors had developed to a
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ition efficacy as compared with each control group (non-
treated, DOX, HER, DOX + HER, and HER-MPNs). The
growth of tumor cells was more rapid than for normal cells,
and more neoangiogenic vessels of tumor tissue were
generated to supply the oxygen and nutritive elements.
Thus, the tumor should have fallen into necrosis or apoptosis
because of minimal vascular supplying parts.’’ Consequently,
nanometer-sized MMPNSs could be taken up by tumor cells in
comparison with normal tissue, and IRR-MMPNs (77.3 £
6.2 nm) could exhibit inhibition effects owing to an EPR
effect. Interestingly, HER-MMPNs (79.3 +£7.9 nm) demon-
strated more effective tumor growth inhibition than IRR-
MMPNs. These noticeable results suggested that injected
HER-MMPNs were target-specifically delivered to overex-
pressed HER2/neu receptors of NIH3T6.7 cells in the mouse
model and were taken up by a receptor-mediated endocytosis
process. Release of DOX from the HER-MMPNs demon-
strated exceptional therapeutic efficacy.

In summary, we have developed multifunctional magneto-
polymeric nanohybrids (MMPNs) composed of magnetic
nanocrystals and anticancer drugs encapsulated by an amphi-
philic block copolymer. The antibody-modified MMPNs
(HER-MMPNs) demonstrated ultrasensitive targeted detec-
tion by MRI in in vitro and in vivo models. In addition, the
HER-MMPNs showed excellent synergistic effects for the
inhibition of tumor growth. This study may be used as a
foundation for the development of novel nanodrugs for the
simultaneous diagnosis and treatment of various types of
cancers.
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size of about 90 mm?®, we performed compara-
tive efficacy studies by dividing animals into
seven groups (n =23, where n is the number of
mice in each group). As shown in Figure 3j,
both HER-MMPNs and IRR-MMPNs groups
demonstrated remarkable tumor growth inhib-

www.angewandte.org

pre immed. 1h 12h

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Time / days

Figure 3. MR images and their color maps (tumor region) of cancer-targeting events of
HER-MMPNs (a—d) and IRR-MMPNs (e-h) in NIH3T6.7 cells implanted in mice at
various time intervals: a,e) preinjection; b,f) immediately; c,g) 1 h; d,h) 12 h after
injection of the MMPNSs. i) AR,/R,” graph versus time before and after injection of
MMPNs. j) Comparative therapeutic-efficacy study in an in vivo model.
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