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ABSTRACT: This paper reported a core−shell nanotheranostic
agent by growing Prussian blue (PB) nanoshells of 3−6 nm around
superparamagnetic Fe3O4 nanocores for targeted photothermal
therapy of cancer under magnetic resonance imaging (MRI)
guidance. Both in vitro and in vivo experiments proved that the
Fe3O4@PB core−shell nanoparticles showed significant contrast
enhancement for T2-weighted MRI with the relaxivity value of 58.9
mM−1·s−1. Simultaneously, the composite nanoparticles exhibited a
high photothermal effect under irradiation of a near-infrared laser
due to the strong absorption of PB nanoshells, which led to more
than 80% death of HeLa cells with only 0.016 mg·mL−1 of the
nanoparticles with the aid of the magnetic targeting effect. Using
tumor-bearing nude mice as the model, the near-infrared laser light
ablated the tumor effectively in the presence of the Fe3O4@PB nanoparticles and the tumor growth inhibition was evaluated to
be 87.2%. Capabilities of MRI, magnetic targeting, and photothermal therapy were thus integrated into a single agent to allow
efficient MRI-guided targeted photothermal therapy. Most importantly, both PB and Fe3O4 nanoparticles were already clinically
approved drugs, so the Fe3O4@PB nanoparticles as a theranostic nanomedicine would be particularly promising for clinical
applications in the human body due to the reliable biosafety.

■ INTRODUCTION

Theranostics has emerged as an attractive treatment strategy for
various cancers due to its improved disease prognoses, ease of
real-time monitoring of therapy, and more individualized
therapies.1,2 One of the most exciting features of nanoparticles
for their use in biomedicine is the capability of easily putting
new combinations of different functional molecules into a
single nanoparticle.3,4 The application of multifunctional
nanoparticles for biomedical imaging, diagnostics, and ther-
apeutics has enjoyed explosive development to provide a variety
of nanoscale platforms for cancer treatment, especially for the
theranostic strategy. Nevertheless, up to now, most of the
reported theranostic agents are far from clinical application due
to their toxicity and complexity of composition and structure. A
shortcut to take theranostic agents from bench to bedside
should be fabrication of new theranostic agents using U.S. Food
and Drug Administration (FDA)-approved materials or
imparting advanced theranostic functions to FDA-approved
materials.
Multifunctional nanomaterials proposed for image-guided

photothermal therapy (PTT) are of particular advantage among
various theranostic agents.4−6 PTT that employs photothermal
agents to ablate cancer cells through photothermal conversion
has received great research interest as an alternative to classical

therapies.7,8 In combination with PTT, medical imaging shows
great promise in identification of tumor locations and
assessment of photothermal ablation efficacy to guide
PTT.9,10 Numerous theranostic nanomaterials prepared with
a variety of imaging and photothermal components such as
carbon-11−13 and gold-based nanomaterials have been
developed.14−17 However, for their wide applications, these
theranostic agents encounter numerous obstacles, such as
complicated synthesis procedure, low photothermal stability,
and especially potential long-term toxicity.7 To further improve
treatment efficacy and reduce side effects, specified targeting
capability of theranostic agents to tumor sites is also
challengeable. Hence, the development of theranostic nanoma-
terials with tumor targeting capability and reliable biosafety in
the human body is urgently desired to meet the clinical
requirements.
Prussian blue (PB), a prototype of mixed-valence transition

metal hexacyanoferrates, is an ancient dye with low cost and
simple preparation.18−20 Due to strong optical absorbance in
the near-infrared region (NIR) and high photothermal

Received: June 25, 2014
Revised: August 2, 2014
Published: August 9, 2014

Article

pubs.acs.org/bc

© 2014 American Chemical Society 1655 dx.doi.org/10.1021/bc500279w | Bioconjugate Chem. 2014, 25, 1655−1663



conversion efficiency, PB-based nanoparticles (NPs) were
explored as the new generation of NIR-driven photothermal
agent for PTT treatment of cancers.7−9 On the other hand,
magnetic NPs, especially superparamagnetic Fe3O4 NPs, have
exhibited substantial applications in biomedicine as the contrast
enhancement agent for magnetic resonance imaging
(MRI)21−23 as well as for magnetic targeting.24−26 Most
significantly, both Fe3O4 NPs and PB have been approved by
U.S. FDA for clinical MRI27,28 and treatment of radioactive
exposure18,29 in the human body, respectively. Thus, the
composite nanomaterials formed from Fe3O4 NPs and PB

would be particularly promising for clinical applications in the
human body due to the reliable biosafety.
In this work, we present a Fe3O4@PB core−shell nano-

theranostic agent with all components from clinically approved
drugs for MRI-guided targeted photothermal therapy for
cancer. Such multifunctional Fe3O4@PB NPs were prepared
by forming PB nanoshells around superparamagnetic Fe3O4

nanocores through a shell-growing procedure. With the aid of
the core−shell composition, capabilities of MRI, magnetic
targeting, and photothermal therapy were integrated into a
single agent to achieve MRI-guided targeted photothermal
therapy. Although the similarly structured NPs have been

Figure 1. Illustration of the synthesis procedure and theranostic applications of the multifunctional Fe3O4@PB NPs.

Figure 2. (a) Photographs of aqueous dispersions of the Fe3O4 NPs, PB NPs, and Fe3O4@PB NPs; (b) UV−vis absorption spectra of the Fe3O4
NPs, PB NPs, and Fe3O4@PB NPs; (c) TEM images of the Fe3O4 NPs; (d) TEM image of the Fe3O4@PB NPs.
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reported for the peroxidase-like catalytic activity,19 the finding
of the present study is that the Fe3O4@PB NPs could operate
as a multifunctional nanomedicine for efficient MRI-guided
photothermal therapy of cancer.

■ RESULTS AND DISCUSSION
Preparation and Characterization of Fe3O4@PB NPs.

The core−shell Fe3O4@PB NPs were synthesized by growing
PB nanoshells around superparamagnetic Fe3O4 nanocores
through a shell-growing procedure as illustrated in Figure 1.
Aqueous [Fe(CN)6]4− and Fe3+ were dropwise added to
aqueous dispersions of Fe3O4 NPs under acidic condition. The
obtained composite Fe3O4@PB NPs were then thoroughly
purified with magnetic separation to remove the possibly
formed pure PB NPs in the suspensions.
After the above shell-growing and magnetic separation

procedures, an obvious change from brown to green was
observed in the color of the aqueous dispersions as shown in
Figure 2a. The color change might be attributed to the color
overlap between blue of the possibly formed PB nanoshells and
brown of Fe3O4 nanocores. Figure 2b shows UV−vis
absorption spectra of the NPs before and after the treatment
procedures. The as-synthesized Fe3O4@PB NPs exhibited a
typical absorption peak of PB around 700 nm while Fe3O4 NPs
showed no absorption peak in this region. The absorption peak
was in agreement with that of pure PB NPs due to the charge
transfer transition between Fe (II) and Fe (III),7 indicating the
successful formation of Fe3O4@PB composites.
Transmission electronic microscopy (TEM) was used to

characterize the Fe3O4@PB NPs (Figure 2c,d). Different from
Fe3O4 NPs with diameters around 15−20 nm, the as-
synthesized Fe3O4@PB NPs showed an obvious core−shell
structure. The thickness of the nanoshells and diameters of the
nanocores were 3−5 and 15−20 nm, respectively. The result
further demonstrated the successful fabrication of the Fe3O4@
PB NPs. During the consecutive addition of [Fe(CN)6]

4− and
Fe3+ to Fe3O4 NPs, PB nanoshells were grown around Fe3O4
NPs surfaces with abundant Fe3+ under acidic condition.
According to the literature,30 the percentage of PB nanoshells
accounted for about 50% of the whole core−shell NPs prepared
with a similar method. The thickness of PB nanoshells could be
controlled by varying the number of addition circles of

[Fe(CN)6]
4− and Fe3+. Nevertheless, one addition cycle was

sufficient since further growth of PB nanoshells would reduce
their magnetic properties.

Magnetic Property and In Vitro MRI Contrast
Enhancement of Fe3O4@PB NPs. Magnetic properties of
the obtained Fe3O4@PB NPs were studied primarily. Aqueous
dispersions of the NPs were placed near a magnet to investigate
their potential for magnetic targeting as shown in Figure 3a.
Both Fe3O4 NPs and the Fe3O4@PB NPs showed rapid
movement toward the magnet within 10 min, while PB NPs
exhibited no apparent change, suggesting great potential of the
Fe3O4@PB NPs for magnetic targeting.
Field-dependent magnetization measurement was further

used to study their magnetic properties. Figure 3b shows
magnetization curves of the NPs at room temperature.
Although the Fe3O4@PB NPs (48.3 emu·g−1) showed lower
saturation magnetization than that of Fe3O4 NPs, no hysteresis
or remnant magnetization was observed. The result demon-
strated superparamagnetism of the Fe3O4@PB NPs due to the
existence of Fe3O4 nanocores. Because of the superparamag-
netism, Fe3O4 NPs had been approved by U.S. FDA for clinical
MRI applications.22,28,31,32

To investigate the potential of the Fe3O4@PB NPs as a
contrast agent for MRI, in vitro T2-weighted MRI was
performed on a 3.0 T MR scanner as shown in Figure 3c.
Using deionized water as the control, an increasingly darkening
effect in the T2-weighted magnetic resonance images was
observed with the increase of iron concentration in the NPs.
The result implied the typical iron concentration-dependent
T2-weighted MRI contrast enhancement effect.33,34 Figure 3d
shows T2 relaxation rate (1/T2) as a function of iron
concentration in the Fe3O4@PB NPs. The T2 relaxation time
decreased as the iron concentration increased with a linear
relationship between the relaxation rate and iron concentration
in the concentration range from 0.21 to 1.26 mM. The
weighted transverse relaxivity value (r2) was measured to be
58.9 mM−1·s−1, which was in good agreement with most
reported values.35

Photothermal Effect of Fe3O4@PB NPs. PB NPs had
been explored as the new generation of NIR-driven photo-
thermal agent for photothermal therapy of cancers.7 As
formerly shown in Figure 2b, the Fe3O4@PB NPs exhibited a

Figure 3. (a) Response of Fe3O4 NPs, PB NPs, and Fe3O4@PB NPs to a magnetic field. (b) Magnetization curves of Fe3O4 NPs and Fe3O4@PB
NPs at room temperature. (c) T2-weighted MR images of Fe3O4@PB NPs with various iron concentrations. (d) T2-relaxation rate (1/T2) as a
function of iron concentration (mM) in Fe3O4@PB NPs.
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strong absorption peak in the NIR region at about 700 nm,
indicating the possibility of the core−shell NPs for photo-
thermal conversion in the NIR region.
To study the photothermal effect, aqueous dispersions of the

NPs were exposed to a laser with the wavelength of 808 nm and
the output power of 2.0 W. Figure 4a shows the temperature
elevation of different nanoparticle dispersions during the
irradiation process. Both the Fe3O4@PB NPs and PB NPs
exhibited dramatically increased temperature during irradiation
while no significant temperature change was observed in the
case of water and Fe3O4 NPs. With the increase of the
nanoparticle concentration, the temperature elevation rate
increased obviously as shown in Figure 4b. The Fe3O4@PB
NPs with low concentration of 0.01 mg·mL−1 can lead to a
temperature elevation of 7.0 °C from the initial value.
Irradiation of the NPs of only 0.05 mg·mL−1 for 10 min was
sufficient to reach the critical temperature (43 °C)1 needed for
killing of cancer cells.
To investigate the photothermal stability of the Fe3O4@PB

NPs, the nanoparticle dispersions were continuously re-exposed
to a laser with the wavelength of 808 nm. Figure 4c shows the
temperature changes of the dispersions during 4 irradiation
cycles. Significantly, the Fe3O4@PB NPs exhibited stable
temperature elevation during 4 cycles, implying good photo-
thermal stability of the Fe3O4@PB NPs attributed to the high
structural stability of the PB.7 In addition, only minor change in
UV−vis absorption spectra of the nanoparticle dispersions was
observed before and after 4 irradiation cycles as shown in
Figure 4d, further confirming good photothermal stability of
the Fe3O4@PB NPs. The colorimetric observation method was
also used to verify the photothermal stability as shown in the
Supporting Information (Figure S1).
Magnetically Targeted Photothermal Cytotoxicity In

Vitro. Biocompatibility of the Fe3O4@PB NPs to normal
human umbilical vein endothelial cells (HUVEC) was studied
with the conventional MTT assay prior to their application for

PTT treatment of cancer cells. The viabilities of HUVEC cells
after the incubation with various concentrations of the Fe3O4@
PB NPs for 24 h were studied as shown in the Supporting
Information (Figure S2). There was no apparent change in cell
viability in the concentration range below 0.32 mg·mL−1,
indicating reliable biocompatibility of the Fe3O4@PB NPs.
To evaluate the magnetically targeted tumor photohyper-

thermic effect of the Fe3O4@PB NPs, HeLa cells incubated
with the NPs in 6-well plates were irradiated with a laser (808
nm, 1.5 w·cm−2, 10 min) with and without the magnetic
targeting of the NPs to the cell-growing plate bottom by using
an external magnetic field. Calcein AM was then used to stain
HeLa cells for assessment of cell viability as shown in Figure 5.
In the presence of either the NPs or laser irradiation alone (a−
c), HeLa cells showed entire vivid green fluorescence,
indicating the survival of HeLa cells. Similarly, the presence
of both the NPs and external magnetic field could not lead to
cell death in the absence of laser irradiation (d). Also, no cell
death was observed in the presence of a low concentration of
the NPs (0.025 mg·mL−1) and laser irradiation in the absence
of external magnetic field (e), since the temperature elevation
was not enough to kill cancer cells. On the contrary, with the
aid of external magnetic field (f), a dark region indicating cell
death was observed in the presence of the same low
concentration of the NPs and laser irradiation. The dark
region matched well with the irradiation site of the laser on the
well. These results suggested that the usage of magnetic
targeting could greatly improve the photothermal ablation
effect of the NPs to cancer cells.
To further confirm the magnetic targeting effect of the

Fe3O4@PB NPs to cancer cells, cellular micromorphology of
the above HeLa cells treated with and without the usage of
external magnetic field was studied. Figure 6a−c shows TEM
images of thin sections of HeLa cells after incubation for 24 h
with the Fe3O4@PB NPs (0.05 mg·mL−1). The control HeLa
cells (a) without the incubation with the NPs exhibited a typical

Figure 4. (a) Temperature change of different nanoparticle dispersions (0.5 mg·mL−1) during laser irradiation procedure. (b) Temperature change
of Fe3O4@PB NPs with different concentrations during NIR laser irradiation. (c) Temperature variations of Fe3O4@PB NPs dispersions (0.05 mg·
mL−1) during 4 irradiation cycles. (d) UV−vis absorption spectra of Fe3O4@PB NPs dispersions before and after 4 irradiation cycles. The irradiation
was carried out with a NIR laser with the wavelength of 808 nm at 1.5 W·cm−2.
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cellular micromorphology with obvious cellular microstruc-
tures. Yet, after incubation with the core−shell NPs (b), a small
amount of NPs were clearly observed in the cells. These NPs
appeared to be localized in vesicles within the cytoplasm of the
cells. Previous studies reported that inorganic NPs with similar
diameters such as PB NPs18 and gold NPs18 could be readily
taken up by cells via endocytosis. Interestingly, a greatly
increased amount of the NPs were observed in vesicles within
cytoplasm of the HeLa cells by applying an external magnetic
field (c). This demonstrated that the utilization of an external
magnetic field improved intracellular internalization of the NPs,
hence leading to an enhanced photohyperthermic effect to
cancer cells.
The magnetically targeted photothermal cytotoxicity of the

Fe3O4@PB NPs to HeLa cells was further monitored with the
MTT assay as shown in Figure 6d. There was no apparent
change in cell viability in the presence of the Fe3O4@PB NPs in
the concentration range from 0 to 0.032 mg·mL−1 without
applying both external magnetic field and laser irradiation. In
contrast, high photothermal cytotoxicity was seen at various
nanoparticle concentrations in the presence of external
magnetic field. After treatment with 0.016 mg·mL−1 Fe3O4@
PB NPs and laser irradiation, the employment of external
magnetic field resulted in less than 20% of cell viability.
Statistically significant difference induced by applying the
magnetic field could be observed at rather low concentration of
Fe3O4@PB NPs (0.002 mg·mL−1). These results further
demonstrated that even low concentrations of Fe3O4@PB
NPs could effectively cause the death of cancer cells through
their magnetically targeted photothermal effect.

In Vivo MRI Contrast Enhancement. In vivo T2-weighted
MRI using the Fe3O4@PB NPs was carried out with the
U87MG tumor-bearing nude mouse model. The nanoparticle
aqueous dispersions (0.1 mL, 2.0 mg·ml−1) were intratumorally
injected into the tumor-bearing nude mice. The nude mice
were then scanned with a 3.0 T whole-body MR scanner to
study the in vivo MRI contrast enhancement effect as shown in
Figure 7.
Dramatically increased darkening effect in the magnetic

resonance images was observed around the tumor site after the
injection of the Fe3O4@PB NPs (b). The result demonstrated
that the Fe3O4@PB NPs exhibited considerable contrast
enhancement effect for in vivo T2-weighted MRI. Due to the
ease of identification of tumor locations and assessment of
therapeutic efficacy, MRI had been widely applied for the
guidance of various therapies, especially photothermal
therapy.36−38 Therefore, the Fe3O4@PB NPs could serve as a
theranostic nanomedicine capable of noninvasive MRI
diagnosis and MRI-guided photothermal therapy.

In Vivo Photothermal Ablation of Tumors with
Fe3O4@PB NPs. To evaluate the in vivo photothermal
therapeutic effect of the Fe3O4@PB NPs, U87MG tumor-
bearing nude mice were intratumorally injected with aqueous
suspensions of the NPs (0.1 mL, 1.0 mg·ml−1), which were
then irradiated with a NIR laser with the wavelength of 808 nm
and the output power of 2.0 W for 10 min. Various control
groups with different treatments were carried out for
comparison.
The temperature variation in tumor tissues was primarily

monitored during the irradiation as shown in Figure 8a. There

Figure 5. Fluorescence microscopic images of HeLa cells with
different treatments of the Fe3O4@PB NPs agent (0.025 mg·mL−1)
after calcein AM staining: (a) no agent, no irradiation; (b) no agent,
irradiation; (c) agent, no irradiation; (d) agent, magnetic targeting, no
irradiation; (e) agent, irradiation; (f) agent, magnetic targeting, laser
irradiation. The irradiation was carried out with a NIR laser with the
wavelength of 808 nm at 1.5 W·cm−2 for 10 min.

Figure 6. TEM images of thin sections of HeLa cells after the
incubation for 24 h with (a) 0 mg·mL−1 of the Fe3O4@PB NPs, (b)
0.05 mg·mL−1 of the Fe3O4@PB NPs without and (c) with the usage
of magnetic targeting; (d) viabilities of HeLa cells treated with
different concentrations of the Fe3O4@PB NPs with and without the
laser irradiation (808 nm, 1.5 W·cm−2, 10 min) and the usage of
magnetic targeting.
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was only a slight temperature elevation for the control group

with the injection of saline during the irradiation for 10 min

while a dramatic temperature elevation was observed with the

injection of the Fe3O4@PB NPs (0.1 mL, 1.0 mg·mL−1). The
temperature was elevated to more than 60 °C from the body

temperature, which could ablate cancer cells efficiently through

the hyperthermic effect.

The tumor size was tested every 2 days after the treatment to
investigate the in vivo photothermal therapeutic effect of the
Fe3O4@PB NPs. Figure 8b,c shows the tumor growth status of
various mice groups with different treatments. The control
groups with the injection of saline and the Fe3O4@PB NPs
without the laser irradiation showed obviously rapid tumor
growth within 18 days. A high relative volume (V/V0 = 15.6) of
the tumor size was observed after 18 days. In contrast, mice

Figure 7. In vivo T2-weighted MR images of U87MG tumor-bearing nude mouse (a) before and (b) after the intratumoral injection of the Fe3O4@
PB NPs dispersions (0.1 mL, 2.0 mg·mL−1).

Figure 8. (a) In vivo temperature variation of the tumor tissues with the injection of saline and the Fe3O4@PB NPs (0.1 mL, 1.0 mg·mL−1) upon
irradiation with a NIR laser (808 nm, 1.5 W·cm−2) for 10 min. (b) Tumor growth curves of various groups of the mice with different treatments. The
tumor volume was normalized to the initial size. (c) Photographs of various groups of mice before and after different treatments. (d) H&E stained
images of heart, liver, spleen, lung, kidney, and tumor collected from mice of various groups with different treatments after 18 days.
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treated with both the Fe3O4@PB NPs and laser irradiation
exhibited very low tumor growth rate with an average relative
tumor volume of 2.0 after 18 days, implying a tumor inhibition
rate of 87.2%. The result indicated that the Fe3O4@PB NPs
exhibited remarkably high photothermal therapeutic efficacy in
vivo. In addition, neither mice death nor significant body weight
variation of the mice was observed in all groups during the
experimental period (Supporting Information, Figure S3),
implying reliable biosafety of the NPs in vivo.
Mice were sacrificed for necropsy after 18 days to further

study the toxicity and photothermal therapeutic effect of the
Fe3O4@PB NPs in vivo. Major organs of the mice with different
treatments were collected for histological examination as shown
in Figure 8d. No apparent organ damage or abnormality in
heart, liver, spleen, lung, and kidney was observed for all mice
from the H&E stained organ slices, demonstrating good
biocompatibility of the Fe3O4@PB NPs in vivo. Significantly,
mice treated with both the Fe3O4@PB NPs and laser irradiation
showed obvious organ damage in tumor tissues in comparison
with the control groups, further revealing the effective
hyperthermic effect of the Fe3O4@PB NPs to tumors.

■ CONCLUSIONS

Theranostic Fe3O4@PB core−shell NPs were constructed by
growing PB nanoshells of 3−6 nm around superparamagnetic
Fe3O4 nanocores through a shell-growing procedure. The
obtained Fe3O4@PB NPs were found to show promising
magnetic targeting capability, in vivo MRI contrast enhance-
ment and photothermal effect for tumor ablation, thus
permitting highly efficient MRI-guided targeted photothermal
therapy of cancers. Most importantly, both PB and Fe3O4
nanoparticles are typical U.S. FDA-approved drugs, so the
composite Fe3O4@PB NPs would have great potential as a new
generation of theranostic nanomedicine for clinical applications.

■ MATERIALS AND METHODS

Materials. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) and calcein acetoxymethyl ester (Calcein
AM) were obtained from Sigma. Unless otherwise stated,
reagents were of analytical reagent grade. Aqueous solutions
were prepared with deionized water (18.2 MΩ cm) collected
from a Milli-Q system.
Synthesis of Fe3O4@PB NPs. The Fe3O4@PB NPs were

synthesized by an improved shell-growing procedure according
to the literature.19,30 Briefly, 10 mL Fe3O4 NPs aqueous
dispersion was added dropwise into 20 mL aqueous K4[Fe-
(CN)6] solution (2.0 mM, pH = 3.0) under vigorous
mechanical stirring at room temperature. The color of the
Fe3O4 NP aqueous dispersion gradually changed to light green
during the addition process. Then, 20 mL aqueous FeCl3
solution (2.0 mM, pH = 3.0) was added dropwise into the
above mixed solution. The obtained Fe3O4@PB NPs were
separated from the aqueous solution and washed three times
with deionized water using an external magnetic field. The
obtained composite NPs were finally redispersed in deionized
water to form the aqueous dispersion of the Fe3O4@PB NPs.
In Vitro and In VivoMagnetic Resonance Imaging. The

magnetic resonance imaging experiments were performed with
a Philips 3.0 T whole-body magnetic resonance imaging
scanner (PHILIPS-14B464A). Nude mice were obtained from
Peking University Third Hospital (PUTH) and used under
protocols approved by the Animal Center of PUTH. For in

vitro magnetic resonance imaging, the microscopic transverse
relaxation time (T2) was measured with various concentrations
of the Fe3O4@PB NPs by applying the spin−echo (SE)
sequences at room temperature with the repetition time (TR)
of 787.0 ms, the echo time (TE) of 90.0 ms and the section
thickness of 2.50 mm. The relaxivity value (r2, mM

−1·s−1) was
calculated using T2 measurements of different concentrations of
the NPs in deionized water. The in vivo magnetic resonance
imaging experiment was carried out with the U87MG tumor-
bearing nude mouse model. 2 × 106 U87MG cancer cells
suspended in cell medium were injected on the shoulder of
each nude mouse to obtain U87MG tumor-bearing nude
mouse model. 0.1 mL aqueous dispersions of the Fe3O4@PB
NPs (2.0 mg·mL−1) were injected into the tumor sites of the
nude mouse after 1 week for in vivo magnetic resonance
imaging on a Philips 3.0 T whole-body magnetic resonance
imaging scanner (PHILIPS-14B464A).

In Vivo Photothermal Therapy. The in vivo photothermal
therapeutic experiment was carried out with the U87MG
tumor-bearing nude mouse model obtained from Peking
University Third Hospital (PUTH). 0.1 mL saline or aqueous
suspensions of the Fe3O4@PB NPs (1.0 mg·mL−1) were
injected into the tumor sites. Four groups of mice, including
that treated with the injection of saline only, injection of saline
with laser irradiation, injection of Fe3O4@PB NPs only, and
injection of Fe3O4@PB NPs with laser irradiation, with seven
mice per group were used. After the intratumoral injection of
saline or aqueous suspensions of the Fe3O4@PB NPs, the
tumors on the mice were irradiated with an 808 nm laser
(T808D2W, Xi’an Minghui Optoelectronic Technology Co.,
China) at 1.5 W·cm−2 for 10 min. A digital thermometer with
its detecting needle inserted into the tumor sites was used to
monitor the temperature variation during the laser irradiation.
The tumor size was then measured every 2 days with a caliper
to calculate the tumor size according to the traditional method.
Mice with tumor sizes exceeding 1000 mm3 were euthanatized
according to the animal protocol.
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