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T
he development of external stimulus-
responsive nanoparticle systems for
remotely controllable cancer thera-

pies has received significant attention in
recent years, as these systems can differen-
tially increase drug accumulation at tar-
geted lesions, drastically decrease systemic
toxicity, and potentially avoid under- or
overdosing.1,2 A variety of external physical
stimuli, including light, magnetic field, elec-
tric field, heat, and ultrasound, have been
utilized to trigger, control, and/or enhance
localized cancer therapies.3�9 Among dif-
ferent external stimuli, near-infrared (NIR)
light (650�900 nm) has become an attrac-
tive one because of its easy operation, the
ability to be locally focused on a specific
region, and itsminimal absorbanceby skinand
tissues to allow for noninvasive penetration of

reasonably deep tissues. Employing different
types of light-absorbing agents, NIR light
can be effectively converted into heat as the
result of a photothermal effect to “cook” can-
cer cells.10�12 Besides using heat to directly
destroy cancer, thephotothermal effect canbe
taken advantage of to stimulate other types
of therapies by enabling NIR-responsive on-
demand release or delivery of therapeutics for

combined cancer treatment, which offers a

synergistically enhanced therapeutic efficacy

compared with monotherapy.13,14

A variety of nanomaterials, most of them
inorganic ones including gold nanomate-
rials (Au nanoshells,15 nanorods,16 and
nanocages17,18), carbon nanomaterials
(carbon nanotube12 andgraphene11,19), pal-
ladium nanosheets,20 and copper sulfide
nanoparticles,21 have been widely studied
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ABSTRACT Multifunctional nanoplatforms that are safe and have

multiple therapeutic functions together with imaging capabilities are

highly demanded in the development of new cancer theranostic ap-

proaches. A number of near-infrared (NIR)-absorbing inorganic nanoma-

terials, although having shown great promise not only to photothermally

ablate tumors but also to enhance the efficacy of other types of therapies,

are not biodegradable and would be retained in the body for a long time.

Herein, we develop a multifunctional nanocomposite by coating magnetic

iron oxide nanoclusters with a near-infrared light-absorbing polymer

polypyrrole (PPy), obtaining Fe3O4@PPy core�shell nanoparticles, which after functionalization with polyethylene glycol could be used for imaging-

guided, remotely controlled cancer combination therapy. In this system, the Fe3O4 core, which could be gradually decomposed in physiological

environments, is useful for magnetically controlled drug delivery as well as a magnetic resonance imaging contrast. The PPy shell, as an organic polymer, is

able to load therapeutic molecules with aromatic structures and also exhibits a strong photothermal effect, which can be used to enhance the

chemotherapeutic efficacy, showing an outstanding in vivo synergistic antitumor effect. Our work encourages further exploration of light-absorbing

polymer-based nanocomposites for cancer combination therapy under remote physical controls.
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as photothermal therapy (PTT) nanoagents in the past
decade. However, those inorganic nanomaterials are
nonbiodegradable and usually would remain in the
body for long periods of time, raising concerns regard-
ing their potential long-term toxicity. Therefore, non-
toxic and more biocompatible PTT agents, such as
organic ones, urgently need to be developed. Very
recently, light-absorbing organic polymeric nanoparti-
cles have acquired wide attention as PTT agents.22�25

Among several different NIR light-absorbing polymers,
polypyrrole (PPy), which is widely used as a biomaterial
in biosensing and tissue engineering (e.g., nerve
regeneration),24,26�30 has been demonstrated to exhibit
good biocompatibility in a number of previous studies
in vitro and in vivo.31�35 Furthermore, with strong NIR
absorbance, PPy nanoparticles have also been explored
by several groups including ours as a new PTT agent
for photothermal treatment of cancer in vitro and
in vivo.24,36,37 Further efforts, however, are still demanded
todevelopPPy-based theranostic nanoagents for remotely
controllable cancer combination therapy.
In this work, we fabricate a NIR-response multifunc-

tional drug delivery platform based on PPy-coated
magnetic nanoparticles for combined cancer therapy
under remote physical control. Iron oxide, chosen in
our study as a superparamagnetic iron oxide (SPIO)
nanoparticle agent, is one of the very few types of
inorganic-based nanomaterials approved for clinical
use and shows great biocompatibility. Clusters of
ultrasmall iron oxide magnetic nanoparticles are
coated with the NIR light-absorbing PPy polymer by
in situ polymerization, obtaining Fe3O4@PPy core�
shell nanoparticles, which are then modified with
polyethylene glycol (PEG) to acquire water solubility.
An aromatic chemotherapy drug, doxorubicin (DOX),
can be effectively loaded into the PPy shell of those
Fe3O4@PPy-PEG nanoparticles, likely via hydrophobic
interaction and π�π stacking. Using DOX-loaded nano-
particles as the model system, it is uncovered that the
intracellular uptake of Fe3O4@PPy-PEG-DOX could be
stimulated not only by an external magnetic field but
also by NIR laser irradiation due to mild photothermal
heating. On the other hand, after cell internalization,
the release of DOX from Fe3O4@PPy-PEG-DOX loca-
lized inside cell endosomes or lysosomes could also be
triggered by NIR laser exposure. The combined therapy
is then demonstrated in both in vitro cell culture and
in vivo animal experiments, achieving excellent synerg-
istic therapeutic efficacy. The magnetic core of those
nanoparticles could further be utilized as the T2 contrast
agent in magnetic resonance (MR) imaging to track
tumor development after treatment. Our results not only
promise the use of Fe3O4@PPy core�shell nanoparticles
for imaging-guided combined cancer therapies but also
encourage further exploration of other light-absorbing
polymers and their nanocomposites for applications in
biomedicine.

RESULTS AND DISCUSSION

Following a literature protocol,38 we used a hydro-
thermal method to synthesize Fe3O4 nanoclusters,
which were ∼50 nm clusters of ultrasmall iron oxide
nanoparticles with diameters of 8�10 nm (Supporting
Information Figure S1a,b,c). X-ray diffraction (XRD) data
revealed that the synthesized Fe3O4 nanoclusters were
in the cubic phase (Supporting Information Figure S2).
The Fe3O4@PPy nanocomposites were then synthe-
sized by an in situ chemical oxidative polymerization
reaction occurring on the surface of Fe3O4 nanoclusters
to obtain the core�shell nanocomposites (Figure 1a). In a
typical process, FeCl3 3 6H2O was used as an oxidant to
initiate the polymerization, while sodium dodecylbenze-
nesulfonate (SDBS) and polyvinyl alcohol (PVA, MW
9000�10000 Da) were introduced as emulsifiers and
stabilizers. To optimize the ratio between Fe3O4 and PPy
in our nanocomposites, the reactions were performed by
adding different ratios of Fe3O4 nanoclusters and pyrrole
monomer. From the TEM images (Supporting Informa-
tion Figure S1), when the ratio of Fe3O4 and pyrrole
monomer reached 1:4, the obtained nanocomposites
showed quite uniform morphology. Either the PPy shell
was too thin or bare PPy nanoparticleswere formed if the
Fe3O4:pyrrole ratio was higher or lower than this optimal
ratio, respectively. The introduction of SDBS and PVAwas
also found to be important to control the morphology of
our product (Supporting Information Figure S1). We thus
chose the Fe3O4@PPy composite synthesized under the
optimized conditions (starting weight ratio of Fe3O4:
pyrrole = 1:4) in the following experiments (Figure 1b).
The actual weight ratio of Fe3O4:PPy in the final product
was determined to be ∼1:2.5 by inductively coupled
plasma (ICP) measurement of the Fe content after de-
composing the nanocomposite by aqua regia.
Although as-synthesized Fe3O4@PPy nanoparticles

were soluble in water, they would rapidly aggregate in
the presence of salts and thus were not stable in
physiological solutions (Supporting Information Figure
S3a). To enhance the physiological stability of those
nanoparticles, we then used an amphiphilic polymer,
PEG-grafted poly(maleic anhydride-alt-1-octadecene)
(C18PMH-PEG) (see Supporting Information for its
synthesis),39�41 to noncovalently coat Fe3O4@PPy nano-
particles. After PEGylation, the obtained Fe3O4@PPy-
PEG nanoparticles were well dispersed in water, saline,
and serumwithout any noticeable agglomeration over
weeks (Supporting Information Figure S3b). The average
size of Fe3O4@PPy observed from transmission electron
microscopy (TEM) was around 100 nm (Figure 1b), while
that of Fe3O4@PPy-PEG measured by dynamic light
scattering (DLS) was around 150 nm (Supporting Infor-
mation Figure S3d), indicating that those nanoparticles
were mostly individually dispersed in the aqueous solu-
tion. The increasedDLSmeasureddiameter from the TEM
measured diameter was likely due to the PEG coating on
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the nanoparticle surface. Infrared (IR) spectra of Fe3O4@P-
Py and Fe3O4@PPy-PEG evidenced the polymerization of
pyrrole on the surface of Fe3O4 and the existence of PEG
in the final product, respectively (Supporting Information
Figure S3c). XRD data revealed that PPy polymerization
on the surface of Fe3O4 nanoclusters would not change
their crystallinity (Supporting Information Figure S2).

The optical andmagnetic properties of the obtained
Fe3O4@PPy-PEG nanoparticles were then studied. The
UV�vis�NIR absorbance spectrum showed that
Fe3O4@PPy-PEG exhibited a high NIR absorption from
700 to 1100 nm (Figure 1c), making it a potential PTT
agent. Under irradiation using an 808 nm NIR laser at
a power density of 0.75 W cm�2, Fe3O4@PPy-PEG

Figure 1. Preparation and characterization of Fe3O4@PPy-PEG nanocomposite. (a) Schematic illustration to show the
synthesis of Fe3O4@PPy-PEG nanoparticles, the subsequent drug loading, and the remotely controlled cancer cell killing
under dual physical stimuli. (b) TEM image of the synthesized Fe3O4@PPy-PEG nanoparticles. (c) UV�vis�NIR extinction
spectra of Fe3O4@PPy-PEG nanoparticles in water (100 μg mL�1). Inset: Photo of Fe3O4@PPy-PEG nanoparticles in different
solutions including water, saline, and fetal bovine serum (FBS). (d) Temperature elevation of water and Fe3O4@PPy-PEG
solution of different concentrations over a period of∼5.5 min under exposure of NIR light (808 nm, 0.75 W cm�2) measured
every0.15 susingadigital thermocamera. (e) Field-dependentmagnetization loopof theFe3O4@PPy-PEGsample. Theabsenceof a
hystersis loop suggested the superparamagnetic property of Fe3O4@PPy-PEG. Inset: Photos of Fe3O4@PPy-PEG solutions in the
absence and presence of a magnet field. (f, g) T2-weighted MR images of the nanocomposite recorded using a 3 T MR scanner
revealed a concentration-dependent darkening effect, showing a high transverse relaxivity (r2) of 87 mM�1 s�1.
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solutions at different concentrations showed tempera-
ture elevations of 13, 18, and 22 �C, respectively,
whereas the water temperature increased by only
∼3 �C under the same laser exposure (Figure 1d). Owing
to the presence of a Fe3O4 nanocluster at the core, the
Fe3O4@PPy-PEG nanocomposite showed strong super-
paramagnetism, as revealed by field-dependent magne-
tizationmeasurement (Figure 1e), and thus could act as a
T2 contrast agent forMR imaging (Figure1f). T2-weighted
MR images of Fe3O4@PPy-PEG using a 3 T MR scanner
revealed a concentration-dependent darkening effect,
showing a high transverse relaxivity (r2) of 87 mM�1 s�1

(Figure 1g).
It has been reported that many drug molecules with

aromatic structures could be efficiently loaded on
nanosurfaceswith delocalizedπ-electrons, such as that
of carbon nanotubes and graphene, via hydrophobic
interaction and π�π stacking.42,43 We next wondered
whether PPy, a conjugated hydrophobic polymer also
with delocalized π-electrons, could serve as a load-
ing and delivery platform for aromatic drugs. In our
experiments, we mixed DOX, a commonly used aro-
matic chemotherapy drug, with Fe3O4@PPy-PEG in
phosphate buffer (PB) solution overnight at pH 8.0.
Excess unbound drug was removed by centrifugation
at 14800 rpm for 10 min, obtaining Fe3O4@PPy-PEG-DOX
nanocompositeswell dispersed inwater. TheUV�vis�NIR
absorption spectrum of Fe3O4@PPy-PEG-DOX showed a

DOX characteristic peak at ∼490 nm, indicating the
existing of DOX in the Fe3O4@PPy-PEG-DOX composite
(Figure 2a). A significant DOX fluorescence quenching
(∼85%) effect was observed in the Fe3O4@PPy-PEG-DOX
solution, suggesting the strong interaction between DOX
and the nanocarrier (Supporting Information Figure S4).
On the basis of a widely adapted approach to measure
DOX loading on NIR-absorbing nanoparticles,39,42,44

we used the UV�vis�NIR spectrum of Fe3O4@PPy-PEG-
DOX todetermine theDOX loadingonnanoparticles, after
subtracting the absorbance contribution from Fe3O4@
PPy-PEG (normalized to be the same Fe3O4@PPy
concentration). It was measured that the DOX loading
efficiency increased with increasing amounts of added
DOX, showing a saturated maximal DOX loading effi-
ciency at∼13% (Figure 2b). It is worth noting that DOX
could not be loaded on plain Fe3O4 nanoclusters with-
out the PPy shell in our control experiments (data not
shown), indicating no direct interaction between DOX
and the Fe3O4 core.
Next, we used DOX-loaded Fe3O4@PPy-PEG-DOX

nanoparticles as the model system for future studies.
The drug-releasing behaviors of Fe3O4@PPy-PEG-DOX
under different pH values were investigated by dialyz-
ing Fe3O4@PPy-PEG-DOX in pH 5.0, 6.0, and 7.4 phos-
phate buffers (Figure 2c). The released DOX from the
nanocomposite was collected and measured by fluo-
rescence spectroscopy. Within 24 h, about 48% of DOX

Figure 2. Drug loading and releasing. (a) UV�vis absorbance spectra of Fe3O4@PPy-PEG loadedwith different concentrations
of DOX. (b) Quantification of DOX loading at different DOX concentrations. Amaximal loading of 13%byweightwas obtained
in our Fe3O4@PPy-PEG-DOX system. (c) DOX release fromFe3O4@PPy-PEG-DOXnanoparticles over time in buffers at the three
different pHvalues indicated. (d) NIR-triggered release of DOX fromFe3O4@PPy-PEG-DOXnanoparticles. The samples at three
pH valueswere irradiated with anNIR laser (0.75W cm�2) for 5min at different time points indicated by the arrows. Error bars
are based on at least triplicate measurements.
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was released from the nanocomposite at pH 5.0, com-
paredwith 13% and 4% of DOX release at pH 6.0 and 7.4,
respectively, owing to the protonation of the amino
group in the DOX molecule that offered DOX a positive
charge, thus facilitating drug release under acidic pH.
We hypothesize that local heating of polymeric

nanocarriers may induce increased thermal vibration
of polymer chains and thus weakened binding with
drug molecules. To test whether the photothermal
effect of PPy can be utilized to induce DOX release
from the nanocomposite, Fe3O4@PPy-PEG-DOX in PB
solutions at pH 5.0, 6.0, and 7.4 were irradiated under
an 808 nmNIR laser (0.75W/cm2, 5 min for each pulse).
The released DOX before and after NIR laser irradiation
was collected and measured, in comparison to the
samples in the dark without laser irradiation (Figure 2d
and Supporting Information Figure S5). The data
showed that DOX release from the Fe3O4@PPy-PEG-
DOX nanocomposite could be triggered by an external
NIR laser, likely due to the loosening of PPy polymer
packing resulting from a rapid local temperature in-
crease. More interestingly, such NIR-response release
processes would depend on the environmental pH.
Significant NIR-triggered burst release of DOX from
Fe3O4@PPy-PEG-DOX was noticed under acidic pH
(pH = 5 or 6). In marked contrast, rather limited DOX
releasewas observed under physiological pH (pH= 7.4)
even after exposure to multiple rounds of NIR laser
irradiation. This phenomenon could be useful for NIR-
triggered intracellular drug release. While being stable
without NIR-triggered drug release outside cells under
pH 7.4, Fe3O4@PPy-PEG-DOX nanoparticles may re-
lease drug under NIR light exposure only after entering
cell endosomes and lysosomes, where the pH value is
5�6, minimizing the unnecessary drug release before
cell internalization of nanoparticles.
Before testing the remotely controlled drug delivery

using our Fe3O4@PPy-PEG nanoplatform, we first eval-
uated the cytotoxicity of Fe3O4@PPy-PEG before and
after DOX loading. Cell viability assays were carried out
for 4T1 cells after various treatments. While Fe3O4@
PPy-PEG without drug loading showed no obvious
toxicity to cells even at high concentrations, Fe3O4@
PPy-PEG-DOX rendered similar cell toxicity compared
with free DOX (Supporting Information Figure S6).
We next tried several different physical parameters

to stimulate the chemotherapy delivered by Fe3O4@
PPy-PEG-DOX. The magnetic property of Fe3O4@
PPy-PEG-DOX could be utilized for magnetically en-
hanced drug delivery. 4T1 cells were incubated with
Fe3O4@PPy-PEG-DOX or free DOX at the same DOX
concentration (10 μM) with or without amagnetic field
for 30 min. Afterward, the cells were carefully washed
to remove free nanoparticles and then reincubated for
2 h before being imaged by a confocal fluorescent
microscope (Figure 3a). Cells incubated with Fe3O4@
PPy-PEG-DOX in the presence of the magnetic field

showed remarkably enhanced DOX uptake, in marked
contrast to those without magnetic enhancement. Flow
cytometry data revealed consistent results (Figure 3b).
In previous studies by us and others, it has been

shown that a mild photothermal heating could in-
crease the cell membrane permeability without damag-
ing cells, enhancing the intracellular delivery of drugs
or genes.45�48 In this system, we also found that the
photothermal effect of Fe3O4@PPy-PEG-DOX could be
taken advantage of to enhance drug delivery into
cancer cells. In our experiment, 4T1 cells were incu-
bated with Fe3O4@PPy-PEG-DOX at 37 �C and irra-
diated for 10 min by an 808 nm NIR laser at a power
density of 350 mW cm�2. Free DOX was used as the
control. After washing with phosphate-buffered saline
(PBS) to fully remove excess Fe3O4@PPy-PEG-DOX, con-
focal fluorescence images were acquired (Figure 3c). It
was revealed that the DOX fluorescence inside cells was
significantly enhanced after laser irradiation compared to
those incubated in the dark. Although the extracellular
DOX release in the cell medium of pH 7.4 should be
minimal based on our earlier findings (Figure 2d), we still
need a better measurement approach to avoid interfer-
ence from any NIR-induced drug release that could result
in DOX fluorescence recovery. A quantitative DOX cell
uptake assay was thus conducted by solubilizing cells by
a lysis buffer, incubating cell lysates with HCl/2-propanol
solvent to allow complete drug release, and measuring
the DOX fluorescence in the final samples.44,49 A nearly
2-fold increase of DOX uptake was observed after NIR
laser treatment for cells incubated with Fe3O4@PPy-PEG-
DOX, while cells incubated with the same concentration
of free DOX showed no significant difference in cell
uptake regardless of NIR light exposure (Figure 3d).
In order to further verify the enhanced cell uptake of

nanoparticles induced by laser irradiation, we used
confocal fluorescence microscopy and flow cytometry
to study the cell uptake of fluorescently labeled Fe3O4@
PPy-PEG nanoparticles without and with NIR laser
irradiation (Supporting Figure S7). It was found that
the cell uptake of Fe3O4@PPy-PEGnanoparticles, which
happened under 37 �C incubation, was negligible
under 4 �C incubation, indicating the cell uptake of
those nanoparticles could likely be an energy-dependent
endocytosis mechanism. On the other hand, the mild
photothermal heating by the 808 nm laser could drama-
tically enhance the cell internalization of Fe3O4@PPy-PEG
nanoparticles, consistent with our data in Figure 3c,d.
In addition to the enhanced cellular uptake of our

multifunctional nanocomposite under NIR light and
magnetic field, we further demonstrated that the drug
release from Fe3O4@PPy-PEG-DOX could also be trig-
gered by an external stimulus such as an NIR laser. In
Figure 2d, we observed accelerated DOX release from
Fe3O4@PPy-PEG-DOX under irradiation by NIR light in
buffer solutions under acidic environments. Encouraged
by those findings, we next studied the intracellular
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Figure 3. Drug delivery and/or release under remote optical and magnetic controls. (a) Confocal images of 4T1 cells
incubated with Fe3O4@PPy-PEG-DOX nanoparticles (or free DOX) with or without a magnetic field for 30 min. (b) Flow
cytometrymeasurements of cellular DOX fluorescence in (a). (c) Confocal images of 4T1 cells incubatedwith Fe3O4@PPy-PEG-
DOX nanoparticles (or free DOX) with or without laser irradiation (808 nm, 350 mW cm�2, 10 min). (d) Cell uptake of
Fe3O4@PPy-DOX-PEG nanoparticles in (c) determined by the measured fluorescence intensities of cell lysate samples. (e)
Confocal images showing NIR-triggered intracellular drug release. 4T1 cells preincubated with Fe3O4@PPy-DOX-PEG
nanoparticles (or free DOX) for 2 h were washed with PBS, transferred into fresh medium, and then exposed to laser
irradiation (808nm, 350mWcm�2, 10min). Nonirradiated sampleswereusedas controls. (f) Flowcytometrymeasurements of
cellular DOX fluorescence in (e). Red and blue colors in those images represent DOX fluorescence and 40-6-diamidino-2-
phenylindole (DAPI)-stained nuclear fluorescence, respectively. The scale bars are 50 μm in all confocal images. (g) Schematic
illustration of in vitro combined therapy. (h) Relative viabilities of 4T1 cells after incubation with DOX, Fe3O4@PPy-PEG, and
Fe3O4@PPy-DOX-PEG in the presence and absence of a magnetic field (30 min), with or without laser irradiation (808 nm,
350mW cm �2, 10min). M and L represent themagnetic field and laser, respectively. The data are shown asmean( standard
deviation (SD). Error bars are based on at least triplicate measurements.
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release behaviors of DOX from Fe3O4@PPy-PEG-DOX in
response to the external NIR laser irradiation using a
confocal fluorescence microscope and flow cytometry.
Since the DOX fluorescence would be largely quenched
in the Fe3O4@PPy-PEG-DOX nanocomplex (Supporting
Information Figure S4), the detected DOX fluorescence
recovery could be directly correlated to release of DOX
inside cells (no extracellularDOX in this case). In Figure 3e,
4T1 cells were incubated with Fe3O4@PPy-PEG-DOX
(10 μg mL�1) for 2 h at 37 �C. After removal of unin-
ternalized Fe3O4@PPy-PEG-DOX by extensive PBS wash-
ing, 4T1 cells were exposed to 808 nm laser irradiation at
350 mW cm�2 for 10 min, immediately fixed, and then
imaged by confocal fluorescence microscopy. Obviously
enhanced intracellularDOXfluorescencewasobserved in
Fe3O4@PPy-PEG-DOX-incubated cells after laser irradia-
tion, in comparison to those in the dark, suggesting that
NIR light triggered release of DOX from internalized
nanoparticles inside the cells. In the control group in-
cubated with free DOX, no significant change was found
in the cells after laser irradiation (Figure 3e). The above
imaging results together with flow cytometry data
(Figure 3f) evidenced that the intracellular release of
DOX from Fe3O4@PPy-PEG-DOX could be triggered by
NIR light due to thephotothermally induced local heating
of the nanocarrier.
We next wanted to demonstrate the enhanced

cancer cell killing under both optical and magnetic
external stimuli (Figure 3g). 4T1 cells were first incu-
bated with DOX, Fe3O4@PPy-PEG, or Fe3O4@PPy-PEG-
DOX for 30minwith or without amagnet placed under
the cell culture plate at 37 �C. In the second step, cells
were washed carefully with PBS to remove free nano-
particles and incubated for an additional 2 h. In the
third step, cells were treated with or without 808 nm
laser exposure at 350 mW cm�2 for 10 min. After
further incubation for 24 h, the relative cell viabilities
were determined by a standard cytotoxicity assay. As
shown in Figure 3h, 4T1 cells treated with free DOX,
Fe3O4@PPy-PEG, or Fe3O4@PPy-PEG-DOX without an
external magnetic field showed little cytotoxicity re-
gardless of NIR laser exposure, possibly because of the
short incubation time, which gave little drug uptake by
cells. Owing to the magnetically enhanced cell uptake
of nanoparticles, Fe3O4@PPy-PEG-treated cells incu-
bated in the presence of the magnetic field were
obviously damaged after laser irradiation due to the
photothermal killing (∼50% of remaining cell viability).
To our expectation, Fe3O4@PPy-PEG-DOX-incubated
cells exposed to the magnetic field were also partially
killed in the dark (∼65% of remaining cell viability).
Remarkably, cells incubatedwith Fe3O4@PPy-PEG-DOX
after two types of stimuli (magnetic field þ NIR laser)
were nearly completely destroyed, resulting in less
than 10% of remaining cell viability. These results
demonstrated the enhanced cancer cell killing under
both magnetic and optical external control using our

multifunctional Fe3O4@PPy-PEG nanoparticles as the
drug carrier.
Finally, we designed animal experiments to demon-

strate the in vivo combined photothermal and che-
motherapy using Fe3O4@PPy-PEG-DOX. Five groups of
4T1-tumor-bearingmicewith fivemice per groupwere
used in our experiment. To develop the tumor model,
1 � 106 murine breast cancer 4T1 cells were subcuta-
neously injected into the back of each Balb/C mouse.
After the tumor sizes reached about 60 mm3 (6 days
after tumor inoculation), PBS, DOX, Fe3O4@PPy-PEG, or
Fe3O4@PPy-PEG-DOX solutions were administered by
a single intratumoral injection (dose = 1 mg kg�1 DOX
with 8 mg kg�1 Fe3O4@PPy-PEG). The tumors were
then irradiated by the 808 nm laser at a moderate
power density of 350 mW cm�2 for 25 min. An IR
thermal camera was used to monitor the temperature
changes on mice during laser irradiation (Figure 4a).
Upon 808 nm laser irradiation, mice treated with
Fe3O4@PPy-PEG or Fe3O4@PPy-PEG-DOX showed loca-
lized heating in the tumor region, where the tempera-
ture was maintained at 44�45 �C for 20 min. The
surrounding tissue near the tumor showed only a
moderate temperature increase to 35�36 �C. In con-
trast, the tumor temperatures of mice injected with
PBS or free DOX exhibited no significant increase
(below 36 �C) during 25 min of laser irradiation
(Figure 4a,b).
Our earlier data (Figure 3) have evidenced that mild

NIR irradiation could enhance cellular uptake of our
multifunctional nanocomposite and induce intracellu-
lar drug release in vitro. In order to understand how
mild photothermal heating would affect the in vivo

delivery of chemotherapy, Fe3O4@PPy-PEG-DOX-
injected tumors with or without NIR irradiation were
collected 25 min after injection. After homogenizing
the tumor masses, the obtained cell suspensions were
washed with PBS three times and then analyzed by
flow cytometry to determine the cellular DOX fluores-
cence. With laser irradiation (350 mW cm�2, 25 min),
the DOX signals of tumor cells were obviously in-
creased compared with that of tumor cells without
laser treatment (Figure 4c), indicating that NIR irradia-
tion could enhance tumor cell uptake of our multi-
functional nanoparticles and/or induce intracellular
DOX release (recovery of quenched fluorescence) in-
side tumor cells in vivo. Both of these mechanisms
would benefit the therapeutic outcome.
In the next two weeks, the tumor sizes and mouse

body weights were measured by a caliper every other
day (Figure 5a,b). Mice receiving Fe3O4@PPy-PEG-DOX
plus NIR laser treatment showed the smallest tumor
volumes, with tumor growth inhibited by ∼88%. In
other control groups, tumors on mice treated with
DOXþ laser irradiation, Fe3O4@PPyþ laser irradiation, and
Fe3O4@PPy-PEG-DOX without laser showed ∼50%,
∼30%, and ∼50% growth inhibition, respectively
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(Figure 5a,c,d). Hematoxylin and eosin (H&E) staining of
tumor slices (Figure 5e) showed that while cells in
untreated tumors and other control groups of tumors
largely retained their normal morphology with distinc-
tive membrane and nuclear structures, most tumor
cells were severely destroyed in the group receiving
both Fe3O4@PPy-PEG-DOX injection and NIR laser
irradiation. These results are in good agreement with
the tumor growth data, further confirming the superior
therapeutic efficacy of the combined cancer therapy
using Fe3O4@PPy-PEG-DOX.
The synergistic antitumor effect achieved here may

be attributed to the following reasons. First of all, NIR
laser irradiation of Fe3O4@PPy-PEG-DOX-injected tu-
mors could enhance drug delivery into cancer cells due
to mild photothermal heating, as demonstrated in our
in vitro experiments (Figure 3c,d). Second, after cell
internalization, exposure to the NIR laser would induce
the release of DOX from Fe3O4@PPy-PEG-DOX inside
cells (Figure 3e,f), enhancing chemotherapeutic efficacy.
Third, cancer cells treated with local hyperthermia for
20 min at 44 �C under NIR laser treatment could bemore
susceptible to the damage caused by chemotherapy, as
illustrated in previous studies.50,51 At last, the heat shock
caused by laser irradiation around 44 �C may involve
direct cell killing as the result of protein denaturing and
aggregation, or indirect killing due to the triggering of
programmed cell death mechanisms such as apoptosis
by the proteotoxic stress.52�54

Although in our subcutaneous tumor model the
tumor sizes could be measured simply by a caliper,

advanced imaging techniques, such as magnetic res-
onance imaging, have to be used for monitoring
primary tumor models in animals and real clinical
evaluations of tumors in patients. Since superparamag-
netic Fe3O4 nanoparticles are well known as excellent
contrast agents in T2-weightedMR imaging (Figure 1f,g),
our Fe3O4@PPy-PEG-DOX nanocomposite thus could
serve as a theranostic agent for imaging-guided cancer
therapy. In our experiment, MR images were obtained
at day 0 (before and after injection) and day 7 (after
injection). The acquired T2-weightedMR images showed
that after injection with Fe3O4@PPy-PEG-DOX a rather
strong darkening effect in the tumor area was observed
(Figure 5f). Continuous monitoring by MR imaging pro-
vided tumor development information after combined
therapy, consistent with the results obtained by the
caliper measurement, demonstrating the possibility of
using our multifunctional Fe3O4@PPy-PEG-DOX nano-
composite for imaging-guided cancer therapy.
Toxic side effects have been a major drawback in

chemotherapy treatment of cancer. In our experi-
ments, it was observed that the body weights of mice
were not significantly affected after receiving various
different treatments, except for those treated with free
DOX, which resulted in a significant body weight loss
(10%) in thefirst twodays (Figure 5b). Histology analysis of
major organs from mice 14 days after Fe3O4@PPy-PEG-
DOX injection and laser treatment indicated no appreci-
able abnormalityornoticeableorgandamage (Supporting
Information Figure S10), suggesting the PPy-containing
nanocomposites developed herewere not obviously toxic

Figure 4. In vivo photothermal tumor heating. (a) IR thermal images of tumor-bearing mice exposed (or not exposed) to the
NIR laser (808 nm, 350mW cm�2, 25 min) after i.t. injection with PBS, free DOX, Fe3O4@PPy-PEG, or Fe3O4@PPy-PEG-DOX. (b)
Tumor temperatures of mice monitored by the IR thermal camera during laser irradiation as indicated in (a). (c) Flow
cytometry measured DOX fluorescence of tumor cells collected from Fe3O4@PPy-PEG-DOX-injected tumors with or without
NIR laser irradiation.
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after local administration into mice at the current dose.
However, further studies should be planned to carefully
look into the dose-dependent toxicology of PPy and PPy-
based nanocomposites to treated animals after systemic
administration.
To further improve the efficacy of our combination

therapy based on Fe3O4@PPy-PEG-DOX, we then tried
a higher power density during NIR laser irradiation.
PBS, Fe3O4@PPy-PEG, or Fe3O4@PPy-PEG-DOX solu-
tions (the same dose as mentioned previously) were

administered by a single intratumoral injection into
4T1-tumor-bearingmice. By increasing the laser power
density to∼425mW cm�2, we were able to control the
final temperature of Fe3O4@PPy-PEG-injected tumor to
be between 48 and 49 �C (Figure 6a,b). As expected,
tumors injected with PBS exhibited no significant
temperature increase (∼37 �C) during 25 min of laser
irradiation (Figure 6a,b). The tumor sizes and body
weights after various treatments were thenmonitored.
While the tumor growth could be greatly inhibited by

Figure 5. In vivo combination cancer therapy. (a) Tumor growth curves of different groups of mice after various treatments
indicated (5mice per group). Error bars are based on standard errors of themean (SEM). (b) Bodyweights ofmice after various
treatments indicated. (c) Photos of the tumors collected from different groups of mice at the end of treatments (day 14). (d)
Averageweights of tumors collected frommice at the endof various treatments indicated. Error bars are basedon SEM (***p<
0.001, **p < 0.01, or *p< 0.05, by ANOVAwith Tukey's post-test) (e) H&E-stained tumor slices collected frommice post various
treatments indicated (scale bar = 50 μm). (f) Representative MR images of mice from three different groups obtained at day 0
before and after injection and day 7 after treatment (tumors marked by the white arrow).
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just the photothermal effect of Fe3O4@PPy-PEG without
DOX loading, the combination of photothermal therapy
and chemotherapy offered by Fe3O4@PPy-PEG-DOX un-
der laser irradiationwas evenmore effective and resulted
in complete eradication of most tumors (4 out of 5)
(Figure 6c�f). Therefore, in future application of photo-
thermal and chemo- combined therapy, the photother-
mal effect inducedby ahighpower laser irradiation could
directly kill tumor cells by heating and at least eliminate
part of the tumor. On the other hand, if on certain
occasions it is not realistic to homogeneously deliver
sufficient light power into the whole tumor mass (e.g.,
when the tumors are big), the synergic therapeutic effect
offered by the combination therapy could still be remark-
able in inhibiting the tumor development.

CONCLUSIONS

In conclusion, a novel type of theranostic agent
based on Fe3O4@PPy core�shell structured nanopar-
ticles is synthesized by in situ polymerization and then
coated with PEG for improved water solubility and
biocompatibility. In this multifunctional nanocomposite,
the iron oxide nanocluster core, which should be biode-
gradable and nontoxic, is utilized to magnetically control
drug delivery, as well as to serve as the contrast agent in
T2-weighted MR imaging. The PPy, which is a polymer
widely used for tissue engineering applications,24,26�28

also offers a number of different functionalities. Owing to
its hydrophobic structure with delocalized π-electrons,
PPy could bind with aromatic drug molecules such as
DOX, for drug loading and delivery. On the other hand,

Figure 6. Cancer combination therapy with increased laser power density. (a) IR thermal images of tumor-bearing mice
exposed to theNIR laser (808nm, 425mWcm�2, 25min) after i.t. injectionwith PBS, Fe3O4@PPy-PEG, or Fe3O4@PPy-PEG-DOX.
(b) Tumor temperatures of mice monitored by the IR thermal camera during laser irradiation as indicated in (a). (c) Tumor
growth curves of different groups of mice after various treatments indicated (5mice per group). Error bars are based on SEM.
(d) Body weights of mice after various treatments indicated. (e) Photos of the tumors collected from different groups of mice
at the end of treatments (day 14). (f) Average weights of tumors collected from mice at the end of various treatments
indicated. Error bars are basedonSEM (***p<0.001, **p<0.01, or *p<0.05, byANOVAwith Tukey's post-test). Note that in the
combination treatment group, 4 out of 5 tumors were completely eliminated after treatment.
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PPy, with strong NIR absorption, exhibits a strong photo-
thermal effect, which is useful to kill cancer cells directly by
hyperthermia or indirectly bypromoting cross-membrane
drug delivery and triggering intracellular drug release
to enhance chemotherapeutic efficiency. Utilizing the
above interesting properties of our Fe3O4@PPy-PEG nano
composite, highly effective combined photothermal and
chemotherapy is demonstrated in our in vivo cancer
treatment study, whose therapeutic outcome can be
recorded by MR imaging. Because this system also works
for the loading of other aromatic therapeutic molecules
(e.g., photodynamic agents Chlorin e6 and Indocyanine
green, Supporting Information Figure S10), it is expected

that the further combination of photothermal therapy
with chemotherapy, photodynamic therapy, and even
magnetic hypothermia may offer great opportunities in
the development of new cancer therapeutic approaches.
Further studies are ongoing in our laboratory to realize
cancer combination therapy using these multifunctional
nanoparticles upon systemic administration. Overall, our
study presents a novel multifunctional theranostic agent
useful in imaging-guided, remotely controlled cancer
therapy with excellent synergistic antitumor effect and
promises further development of NIR-absorbing organic
nanoparticles and organic�inorganic nanocomposites for
phototherapy and combined therapy of cancer.

MATERIALS AND METHODS
Materials. Ferric chloride hexahydrate (FeCl3 3 6H2O), sodium

acetate (CH3COONa, NaOAc), ethylene glycol (EG), diethylene
glycol (DEG), and poly(vinylpyrrolidone) (PVP, K30) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd. Pyrrole,
dodecylbenzenesulfonic acid sodium salt (SDBS), and polyvinyl
alcohol (PVA, MW 9000�10 000) were purchased from Sigma-
Aldrich. Doxorubicin (DOX) was bought from Beijing HuaFeng
United Technology Co. Ltd. All chemicals were of analytical
grade and used without further purification.

Synthesis of Fe3O4 Nanoclusters. Fe3O4 nanoclusters were
synthesized using a literature method with slight modifications.
FeCl3 3 6H2O (2 mmol) was dissolved in a mixture of EG and DEG
(VEG/VDEG = 4:16, total volume was 20 mL) in a beaker under
magnetic stirring. After 30 min, 2 g of PVP was added to the
above solution and the suspension was heated at 120 �C to give
a transparent solution. After an hour, 1.5 g of NaOAc was added
into the above solution while heating was stopped. After
vigorous stirring for a further 30 min, the obtained homoge-
neous solutionwas transferred into a Teflon-lined stainless-steel
autoclave (25mL volume), which was sealed and then heated at
200 �C. After a 12 h reaction period, the autoclave was cooled to
room temperature. The obtained ferrite nanoclusters were
washed three times with ethanol and water and then dried
under vacuum for 12 h.

Preparation of Fe3O4@PPy-PEG. The Fe3O4@PPy composites
were synthesized by an in situ chemical oxidative polymeriza-
tion in the presence of Fe3O4 nanoclusters. FeCl3 3 6H2O was
used as an oxidant to initiate the polymerization, while SDBS
and PVA were introduced as emulsifiers and stabilizers. In a
typical procedure, 5 mg of Fe3O4 nanoclusters was added into
an aqueous solution containing 5mgof SDBS and 15mgof PVA.
The solution was then ultrasonicated for over 30 min to make
Fe3O4 well dispersed. The solution was then stirred at room
temperature for 2 h before 20 μL of pyrrole monomer was
added into the mixture. After further stirring for 30 min, 20 mg
of FeCl3 was dropwisely added into the reactionmixture. Finally,
the mixture was polymerized for 12 h at room temperature to
obtain Fe3O4@PPy core�shell nanocomposites with a dark
green color. The resulting nanoparticles were washed with deion-
ized water three times and then separated by a magnet to
remove excess PPy and other reagents. To estimate the Fe3O4:
PPy weight ratio in the nanocomposite, the Fe3O4 content was
determined by the ICP measured Fe concentration, and the total
weight of the composite was measured by weighing the com-
pletely dried form of the final Fe3O4@PPy product.

C18PMH-PEG was synthesized following our previously
established protocol. In brief, 10 mg of poly(maleic anhydride-alt-
1-octadecene) (C18PMH) and 143 mg of mPEG-NH2 (5 K) were
dissolved in 5 mL of dichloromethane, and 6 μL of triethylamine
(TEA) and 11 mg of 1-ethyl-3-(3-dimethylaminopropyl)carbodi-
imide (EDC) were added. After 24 h of reaction, the solvent was
evaporated and the solid product was dissolved in water. After

removal of excess reagents by dialysis, the final product, C18PMH-
PEG (44.9% of carboxyl groups in C18PMH were PEGylated as
determined byNMR), was freeze-dried and stored at�20 �Cbefore
use.

C18PMH-PEG-NH2was synthesized following our previously
established protocol. In brief, 10 mg (1 equiv) of C18PMH, 143
mg (1 equiv) of mPEG-NH2(5k), and 50 mg (0.5 equiv) of NH2-
mPEG(5k)-BOC (Polymere, Germany) were mixed together in
dichloromethane under agitation to form a homogeneous
solution. EDC (2 equiv) and TEA (8 equiv) were then added
under magnetic stirring. After stirring for 24 h at room tem-
perature, the dichloromethane solvent was blown-dried by
nitrogen. Subsequently, 2 mL of trifluoroacetic acid (TFA, Sino-
pharm Chemical Reagent Co.) was added under magnetic
stirring for 3 h at room temperature to deprotect the Boc group.
After evaporating the TFA solvent, the leftover solid was
dissolved in water and dialyzed for 2 days in a dialysis bag
(MWCO= 14 kDa) to remove unreacted PEG polymers and other
reagents. After lyophilization, the final product (C18PMH-PEG-NH2)
as a white solid was stored at �20 �C for future use. To conjugate
fluorescein toC18PMH-PEG-NH2, 100mgofC18PMH-PEG-NH2was
mixedwith 5mg of NHS-fluorescein (Pierce). After 24 h of reaction
at room temperature, the yielded C18PMH-PEG-FITC was purified
by dialysis against water using a 14 kDa membrane and then
freeze-dried.

To prepare Fe3O4@PPy-PEG (or Fe3O4@PPy-PEG-FITC),
Fe3O4@PPy was dispersed in water to obtain a clear solution.
A solution of C18PMH-PEG (or Fe3O4@PPy-PEG-FITC) at 2 mg/mL
was added into the Fe3O4@PPy solution, which was ultrasonicated
for 30min. The final product was purified by centrifugation several
times.

Drug Loading and Release of Fe3O4@PPy-PEG-DOX Nanocomplex. In a
typical experiment, loading of DOX onto Fe3O4@PPy-PEG nano-
composite was accomplished by mixing a DOX hydrochlor-
ide solution in water (10 mg/mL) at the desired volume with a
Fe3O4@PPy-PEG solution (1 mg/mL) in phosphate buffer (PB,
2 mM, pH 8.0). The mixture was placed in the oscillation shaker
in the dark overnight. Excess DOX was removed by centrifuga-
tion and washing with PB several times. The obtained Fe3O4@
PPy-PEG-DOX nanocomplex was stored at 4 �C in the dark for
future use. The loading of Ce6 and ICG on Fe3O4@PPy-PEG was
conducted following the same procedure used for DOX loading,
except that the loading pH was 7.4 instead of 8.0.

The release of DOX from Fe3O4@PPy-PEG-DOX was studied
by dialyzing the sample under 37 �C in PB (2 mM) at pH 5.0, 6.0,
and 7.4 for different periods of time. DOX released from
nanocomposites was collected and determined by its fluores-
cence spectrum.

The laser-triggered drug release experiments were per-
formed in PB (2 mM) at pH 5.0, 6.0, and 7.4 at 37 �C. An
optical-fiber-coupled power-tunable diode laser (continuous
wave) with wavelengths of 808 nm (maximal power = 10 W)
was employed in this work. Fe3O4@PPy-PEG-DOXwas dispersed
in 5mL of PB solution at different pH's. At desired time intervals,
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the samples were irradiated by the 808 nm laser with a power
intensity of 0.75 W/cm2 for 5 min. As the controls, Fe3O4@PPy-
PEG-DOX solutions without laser irradiation were used. For each
measurement, 500 μL of solution was centrifuged at 10 000 rpm
for 5 min. The amount of released DOX in the supernatant was
determined using UV�vis spectrometry.

Characterization. Transmission electron microscopy images
were taken using a Philips CM300 transmission electron micro-
scope operating at an acceleration voltage of 200 kV. The phase
and crystallography of the product was characterization by using a
Shimadzu XRD-6000 X-ray diffractometer equipped with Cu KR
radiation (λ = 0.15406 nm). Fluorescence spectra were obtained
on a FluoroMax 4 spectrometer (Horiba Jobin Yvon). UV�vis�NIR
spectra were acquired by using a PerkinElmer Lambda 750 UV/vis
spectrophotometer. Laser irradiation was performed using an op-
tical-fiber-coupled power-tunable diode laser (continuous wave)
(maximal power=10W,Hi-TechOptoelectronics Co., Beijing, China).

Cellular Experiments. The 4T1 murine breast cancer cell line
was originally obtained from American Type Culture Collection
(ATCC) and cultured under recommended conditions. The
in vitro cytotoxicity was measured using a standard methyl
thiazolyltetrazolium (MTT, Sigma Aldrich) assay or a CytoTox 96
nonradioactive cytotoxicity assay (Promega). For theMTT assay,
4T1 cells were seeded into 96-well cell culture plates at 1� 105/
well until adherent and then incubated with various concentra-
tions of Fe3O4@PPy-PEG-DOX, Fe3O4@PPy-PEG, and free DOX
for 24 h. The standard MTT assay was carried out to determine
the cell viabilities relative to the control untreated cells. For the
CytoTox assay, 4T1 cells were seeded into 96-well plates at 1 �
105/well until adherent and then incubated with Fe3O4@PPy-
PEG-DOX, Fe3O4@PPy-PEG, and free DOX with or without a
magnetic field for ∼0.5 h. Afterward, cells were washed twice
with PBS and incubated in fresh cell medium for an additional
2 h. Then the cells were irradiated by an 808 nm laser
(350 mW cm�2) for 10 min. The cell viabilities were determined
with the CytoTox96 nonradioactive cytotoxicity assay (Promega,
G1780) following the vendor's protocol.

Confocal fluorescence images of cells were taken by a Lecia
SP5 laser scanning confocal microscope. For flow cytometry
measurement, cells after trypsin treatment were washed with
PBS twice and then analyzed using a Calibur flow cytometer (BD
Biosciences, USA).

Animal Experiments. Female Balb/cmicewere purchased from
Nanjing Peng Sheng Biological Technology Co. Ltd. and used
under protocols approved by Soochow University Laboratory
Animal Center. 4T1 cells (1 � 106) suspended in 40 μL of PBS
were subcutaneously injected into the back of each female
Balb/c mouse. After∼6 days, themice bearing 4T1 tumors were
treated when the tumor volume reached ∼60 mm3. The mice
were divided into five groups (n = 5 per group) and intratumo-
rally injected with 20 μL of PBS, DOX, Fe3O4@PPy-PEG, and
Fe3O4@PPy-PEG-DOX (DOX 1 mg/kg, Fe3O4@PPy 8 mg/kg).
After injection, tumors were irradiated with or without NIR light
(350mWcm�2, 808 nm) for 25min. Tumor sizesweremonitored
every 2 days for 2weeks. The length andwidth of the tumors were
measured by a digital caliper. The tumor volume was calculated
according to the following formula: width2 � length/2.

For flow cytometry measurement, mice with tumors in-
jected with Fe3O4@PPy-PEG-DOX, with or without NIR laser
irradiation (350 mW cm�2, 808 nm, 25 min), were sacrificed by
CO2 inhalation. Tumors were removed using forceps and surgi-
cal scissors and then homogenized. After filtration through a
70 μm nylon filter, tumor cell suspensions were washed three
times with complete RPMI-1640 medium and analyzed using a
Calibur flow cytometer (BD Biosciences, USA) for DOX fluores-
cence measurement. FACS data were analyzed using Flowjo.

IR Thermal Imaging. Mice bearing 4T1 tumors treated with
PBS, Fe3O4@PPy-PEG, or Fe3O4@PPy-PEG-DOX were irradiated
with the 808 nm laser at power densities of 350 mW/cm�2 for
25 min and simultaneously imaged by an IR thermal camera
(Infrared Cameras. Inc.).

MR Imaging. Fe3O4@PPy-PEG-DOX samples were scanned
under a 3 T clinical MRI scanner (Bruker Biospin Corporation,
Billerica, MA, USA) at room temperature. After acquiring the
T2-weighted MR images, the T2 intensities of images were

measured within manually drawn regions of interest for each
sample. Relaxation rates R2 (R2 = 1/T2) were calculated from T2
values at different iron concentrations. MR imaging of mice was
accomplished with the same 3 T clinical MR scanner equipped
with a special coil used for small-animal imaging.

Histology and Immunohistochemistry. Two weeks after various
treatments, animals were sacrificed with tumors and other
major organs collected for analysis. The tissue sections were
stained with H&E following the standard protocol. All sections
were examined under a Leica microscope.
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