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Early detection and therapy of esophageal cancer is very important for improving the prognosis and
survival rate of the patient. A theranostic agent that combines multimodal imaging with cancer therapy
may be used for augmenting the visualization and treatment of the cancer. Herein, we report the synthesis of a hollow tantalum oxide (TaOx) nanoparticle that was successfully engineered by encapsulation
of polypyrrole (PPy) and doxorubicin (DOX) in the core and conjugation with a near infrared ﬂuorescence
dye (NIRDye800) on the shell of the hollow TaOx nanoparticles. The as-prepared core/shell nanoparticles
showed multimodal imaging features including computed tomography (CT) (for the preliminary location
of the tumor), photoacoustic (for the anatomical localization of the tumor), and ﬂuorescence imaging (for
real-time monitoring of the tumor margin) and pH- and thermal-sensitive drug release. Because the
early esophageal carcinoma is a type of superﬁcial cancer, a subcutaneous model in the thigh was used
for the in vivo study. The core/shell nanoparticles shows high imaging contrast between the tumor and
the adjacent tissues and controllable photothermal therapy (PTT) and chemotherapy. Our results indicated that the obtained core/shell nanoparticles had signiﬁcant potential in the triple-modality imaging
guided precisely chemo-thermal synergetic therapy of esophageal cancer. In addition, after aerosol
administration, our nanoparticles also exhibited comparable therapeutic efﬁcacy with the intravenous
administration, which is more suitable for clinical therapy of esophageal carcinoma.
© 2017 Elsevier B.V. All rights reserved.
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Introduction
In 2013, there were an estimated 442,000 new cases and
440,000 deaths worldwide from esophageal cancer, which was the
sixth most common cancer in incidence and ranked fourth for the
cause of death in China [1]. Diagnosis usually occurs when the
cancer is in an advanced stage, resulting in an overall 5-year survival rate of <15% [2]. Early detection and intervention could lead to
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an improvement in the patient prognosis and survival rate [2,3].
Combining multimodal imaging technologies with topical and
controllable cancer therapy represents a potentially powerful
means to facilitate cancer diagnosis and therapy and to avoid side
effects on normal tissues [4e6]. Multifunctional imaging nanoprobes may provide enhanced differentiation between tumor and
adjacent normal or benign tissues [7e10]. Locally controlled cancer
therapy can improve the therapeutic efﬁciency and reduce cytotoxicity on the normal tissue [11e13]. Therefore, there is signiﬁcant
interest in developing a theranostic agent that can augment visualization and treatment of the cancer.
As an ideal agent, it should provide both pre-treatment and in
treatment imaging, allowing the discovery of the location of the
tumors before and during the treatment to minimize the damage
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of the adjacent healthy tissues and improve diagnostic accuracy
and therapeutic effectiveness [14]. This agent should also allow
for both high imaging depth and spatial resolution for tumor
visualization and highly sensitive and speciﬁc delineation of tumor margins. Among all diagnostic imaging techniques,
computed tomography (CT) imaging has high spatial resolution
to illustrate the biological structures of the body, which could be
used to detect the preliminary location of the tumor however it
has low sensitivity in soft-tissues and therefore can only be used
to detect the preliminary location of the tumor [15]. Photoacoustic imaging with high imaging depth and spatial resolution
at the microscopic level can be used for precise anatomical
localization of the tumor [16e18], and due to the ultrahigh
sensitivity of ﬂuorescence imaging, this technique could be used
to monitor the tumor margin in real time during the process of
treatment to conﬁrm that the tumor has been completely eradicated and to avoid recurrence and prevent damage of adjacent
healthy tissues, however, its penetration depth was limited. Thus
it could only be used for superﬁcial cancer or intraoperative tumor imaging [19]. Thus, we think the combination of the three
imaging modalities could realize the early detection of the tumor
and precisely therapy of the cancer. Various multimodal imaging
agents have been developed over the past decade [20e23], and
several multifunctional nanoparticles combining ﬂuorescence
imaging with CT or photoacoustic imaging have shown signiﬁcant advantages for tumor diagnosis and for monitoring the
therapeutic effect [24e27]. However, the majority of CT and
photoacoustic agents could result in ﬂuorescence quenching
[28e30]. To solve this problems, the construction of these
nanoparticles needs to address multiple concerns such as difﬁcult fabrication and the control of the space between the ﬂuorescence agents and the CT or photoacoustic agents. Tantalum

oxide (TaOx) nanoparticles with a strong X-ray attenuation,
represent as an ideal candidates for the assembly of multifunctional imaging agents with which to combine CT and ﬂuorescence imaging and avoid the problem mentioned above [31e33].
Herein, we report the synthesis of small-scale core/shell nanoparticles, performed according to the strategy shown in Scheme 1.
These nanoparticles were successfully engineered by encapsulation
of polypyrrole (PPy) and doxorubicin (DOX) in the core and conjugated with a near infrared ﬂuorescence dye (NIRDye800) on the
shell of the hollow TaOx nanospheres (PPy&DOX@TaOx-NIRDye800-PEG nanoparticles). The core/shell nanoparticles simultaneously possess CT/photoacoustic/ﬂuorescence imaging features
and chemo-thermal synergetic therapeutic effect. Interestingly, the
release of the DOX can be modulated in response to external stimuli
(including pH and near infrared (NIR) laser irradiation). The synergistic effect of the nanoparticles indicated that they have good
biocompatibility and could realize precise image-guided and
controllable chemo-thermal therapy of esophageal cancer.
Materials and methods
The details of the materials and methods are available in the Supporting
Information.

Results and discussion
Preparation and characterization of PPy&DOX@TaOx-NIRDye800PEG nanoparticles
The overall synthesis of the PPy&DOX@TaOx-NIRDye800-PEG
nanoparticles is shown in Scheme 1. The SiO2 nanoparticles with
an average size of approximately 50 nm were synthesized using a
€ ber method with a slight modiﬁcation [34]. Subsequently, a
Sto

Scheme 1. The synthesis of PPy@DOX@TaOx-NIRDye800-PEG nanoparticles for multimodal imaging and photo-chemo therapy of cancer.
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rough TaOx iterative layer grew onto the surface of SiO2 nanoparticles through the controlled solegel reaction, and then the SiO2
core was selectively etched in a hot alkaline solution. The NIRDye800-conjugated aminopropyltriethoxysilane (APTES) and PEG-
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silane were then attached to the hollow TaOx nanospheres through
the solegel method (Fig. 1b). Finally, the NIR light absorbing agents
were entrapped in the hollow nanospheres by the in situ oxidative
polymerization of pyrrole.

Fig. 1. (aec) TEM image of SiO2 nanoparticles (a), hollow TaOx-NIRDye800-PEG nanospheres (b) and PPy&DOX@TaOx-NIRDye800-PEG nanoparticles (c); (dee) DLS of SiO2
nanoparticles (d) and PPy&DOX@TaOx-NIRDye800-PEG nanoparticles (e); (f) UVeViseNIR spectra of the nanoparticles; (g) Fluorescence spectra of the nanoparticles; (h) STEM
images and STEM-EDX elemental mapping images of the PPy&DOX@TaOx-NIRDye800-PEG nanoparticles.
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Transmission electron microscopy (TEM) imaging shows that
SiO2 nanoparticles, hollow TaOx-NIRDye800-PEG nanospheres and
PPy&DOX@TaOx-NIRDye800-PEG nanoparticles had a well-deﬁned
structure of 47.2 ± 3.1 nm, 64.3 ± 4.5 nm and 65.4 ± 5.6 nm
diameter, respectively (Fig. 1aec). Moreover, dynamic light scattering (DLS) measurement further conﬁrmed that both SiO2 and
PPy&DOX@TaOx-NIRDye800-PEG nanoparticles had good size stability and exhibited a monodispersity index of 0.109 and 0.098,
respectively,
indicating
a
monodispersive
nanostructure
(Fig. 1dee). No aggregation was observed over 1 month (Fig. S1).
The UVeViseNIR and ﬂuorescence spectra show that
PPy&DOX@TaOx-NIRDye800-PEG nanoparticles exhibited strong
absorbance in the NIR region (Fig. 1f) and a ﬂuorescence peak at
592 nm (Fig. S2) and 830 nm (Fig. 1g) in the aqueous solution,
indicating the successful conjugation of NIRDye800 and encapsulation of DOX and PPy nanoparticles with/in the hollow TaOx
nanospheres. In addition, the ﬂuorescence feature of 830 nm (red
shift from 792 nm to 830 nm) also indicated that the ﬂuorescence
of the NIRDye800 could not be quenched, allowing
PPy&DOX@TaOx-NIRDye800-PEG nanoparticles to generate near
infrared ﬂuorescence (NIRF) imaging capacity (Fig. 1g).
To further conﬁrm the core/shell structure of the nanoparticles,
scanning transmission electron microscopy (STEM) and EDXmapping was performed for PPy&DOX@TaOx-NIRDye800-PEG
nanoparticles using dark-ﬁeld STEM, Ta-Ka1, Si-Ka1 and N-Ka1
(Fig. 1h). This survey detected that N atoms over all the specimen
areas, demonstrating the existence of DOX and PPy in the hollow
TaOx nanospheres and APTES and NIRdye800 on the surface of the
TaOx nanoparticles. The Ta-Ka1 and Si-Ka1 map, revealed the hollow structure of the TaOx nanoparticles and a uniform coating of
SiO2 layer on the surface of the hollow TaOx nanospheres.

In vitro photothermal heating effect and chemo-thermal synergetic
therapeutic effect
Because of their high absorbance in the NIR region,
PPy&DOX@TaOx-NIRDye800-PEG nanoparticles could effectively
convert NIR laser (808 nm) into thermal energy (Fig. 2a), and the
conversion efﬁciency was related to the concentration of the
nanoparticles (0e100 mg/mL) and the irradiation time (0e10 min)
(Fig. 2a). After 5 laser ON/OFF cycles, no obvious decay in temperature evaluation and NIR absorbance was observed, indicating the
high photostability of these PPy@TaOx-NIRDye800-PEG nanoparticles (Fig. 2b and c). After incubating with the PPy@TaOx-NIRDye800-PEG nanoparticles, the cell viabilities of HUVECs were all
>90% and the hemolysis rate was all <7.3% at a nanoparticle concentration of 500 mg/mL (Fig. 2d and Fig. S3), which indicated that
the nanoparticles had good biocompatibility.
We combined the photothermal effect with chemotherapy to
achieve greater therapeutic efﬁcacy, and a widely used anticancer
drug, DOX, was selected as a model drug and loaded into the
PPy@TaOx-NIRDye800-PEG core. The DOX was loaded into the core/
shell nanoparticles through the pep interaction between the DOX
and PPy nanoparticles. After loading DOX, the nanoparticles
exhibited a signiﬁcant absorption peak between 450 and 490 nm
(Fig. 1f) and a ﬂuorescence peak at 592 nm (Fig. S2). The drug
loading content and encapsulation efﬁciency were approximately
10.00 ± 1.08% and 80.10 ± 2.40% measured by the characteristic
DOX optical ﬂuorescence (at 592 nm). The release proﬁles of
PPy&DOX@TaOx-NIRDye800-PEG nanoparticles in a PBS buffer of
different pH values (pH 7.4 and pH 5.5) at 37  C with or without NIR
laser irradiation (808 nm, 0.6 W/cm2) are depicted in Fig. 3a. After
8 h, the cumulative drug release rate was about 7.6% in neutral PBS

Fig. 2. (a) Temperature elevation of an aqueous solution PPy&DOX@TaOx-NIRDye800-PEG nanoparticles at different concentrations over a period of 10 min under NIR laser
irradiation (808, 0.6 W/cm2) recorded every 10 s with a digital thermometer; (b) Temperature elevation of 50 mg/mL PPy&DOX@TaOx-NIRDye800-PEG nanoparticles over 5 laser
ON/OFF cycles of NIR irradiation (808 nm, 0.6 W/cm2) illumination (laser ON time:10 min; laser OFF time: 30 min); (c) UVeviseNIR spectra of PPy&DOX@TaOx-NIRDye800-PEG in
PBS before and after laser ON/OFF cycles of NIR light; (d) Cell viability of HUVECs after treatment with different concentrations of PPy@TaOx-NIRDye800-PEG nanoparticles.
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(pH7.4) without laser irradiation. In contrast, an enhanced cumulative drug release was observed when the pH was lower (pH 5.5),
and about 69.8% of DOX in the nanoparticles was released. When
the nanoparticles were irradiated for 5 min at every time point,
DOX release from the nanoparticles in a PBS buffer of different pH
values (pH 7.4 and pH 5.5) was increased to 32.6% and 81.3% within
8 h, respectively. The improved release properties may be attributed to the heat generated by NIR laser irradiation and the pep
interaction decreased by the lower pH to promote the diffusion of
the drug molecules. These results indicated that the relatively
acidic environment of the tumor extracellular space and locally NIR
laser irradiation may be an effective internal and external trigger to
induce cancer-targeted drug release.
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It is well known that the cellular uptake efﬁciency of therapeutic
agents affects their therapeutic efﬁciency. The marker FITC was
used to detect the cellular uptake of the nanoparticles which were
analyzed by ﬂow cytometry. The nanoparticles exhibited higher
cellular uptake (both by mean ﬂuorescence intensity and by the
percentage of cells taking up the nanoparticles) than free small
molecule (Fig. 3b and c), indicating a high possibility that nanoparticles could be used in cancer therapy.
Fluorescent images of calcine-AM and propidium iodide (PI) costained cells further conﬁrmed the effective and speciﬁc photothermal ablation of KYSE30 cells induced by PPy@TaOx-NIRDye800PEG nanoparticles (Fig. 3d), demonstrating that our PPy@TaOxNIRDye800-PEG nanoparticles could be used as an effective

Fig. 3. (a) The release proﬁles of DOX from PPy&DOX@TaOx-NIRDye800-PEG nanoparticles in PBS buffer (pH 5.5 and pH 7.4) with or without NIR laser irradiation (808 nm, 0.6 W/
cm2); (bec) Cellular uptake of PPy@TaOx-FITC-PEG by KYSE30 by cytometry at 37  C for 4 h: (b) percentage of cells taking up nanoparticles, (c) mean ﬂuorescence intensity of the
cells; (d) Photothermal destruction of KYSE30 cells treated by PPy@TaOx-NIRDye800-PEG nanoparticles and NIR laser irradiation (808 nm, 0.6 W/cm2); (e) Cell viability after
treatment with 20 mg/mL PPy&DOX@TaOx-NIRDye800-PEG nanoparticles and different NIR laser irradiation; (f) Cell viability of KYSE30 cells after treatment with different concentration of PPy&DOX@TaOx-NIRDye800-PEG nanoparticles or PPy@TaOx-NIRDye800-PEG nanoparticles or DOX and NIR laser irradiation for 6 min.
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photothermal therapy (PTT) agent. The in vitro chemo-thermal tumor killing performance of PPy&DOX@TaOx-NIRDye800-PEG
nanoparticles under NIR laser exposure was measured (Fig. 3e and
f) to quantitatively analyze the cytotoxicity of the nanoparticles. The
optimal irradiation time was 6 min (Fig. 3e), and the tumor cellkilling efﬁciency was enhanced with an increase in concentration
(Fig. 3f). When the nanoparticles and DOX had the same equivalent
concentration, the cell-killing efﬁciency was in the following
sequence: PPy&DOX@TaOx-NIRDye800-PEG þ laser > PPy@TaOxNIRDye800-PEG
þ
laser
>
PPy&DOX@TaOx-NIRDye800PEG > DOX þ laser z DOX, revealing the good synergetic effect of
PTT and chemotherapy.
CT, photoacoustic and ﬂuorescence imaging
CT is a widely used imaging modality in the clinic with the advantages of high resolution, no depth limitation, and the capability
for 3 dimension (3-D) reconstruction, which can provide anatomical information for accurately detecting the location of the tumor.

Because tantalum possesses a comparable X-ray attenuation coefﬁcient to Au, which is larger than iodine, it is expected that
PPy&DOX@TaOx-NIRDye800-PEG nanoparticles could also provide
strong contrast under CT imaging. The CT phantom of different
concentration of nanoaprticles was obtained by an animal CT
scanner by our group. When the nanoparticles were present, the CT
signals were enhanced (Fig. 4g). The CT values of PPy&DOX@TaOxNIRDye800-PEG nanoparticles increase linearly with the concentration of the nanoparticles in the milligram range and the slope
was 65.33 HU mL mg1, which was almost 1-fold increase as
compared to that of omnipaque (Fig. 4h). Then the in vivo CT imaging was conducted by administrating PPy&DOX@TaOx-NIRDye800-PEG by intravenous injection into KYSE30 tumor-bearing
mice. The CT signal in the tumor increased noticeably 24 h after the
PPy&DOX@TaOx-NIRDye800-PEG nanoparticles injection and 2.6
times higher than that before injection. These results suggested
that the nanoparticles had strong CT signals and that sufﬁcient
nanoparticles had accumulated at the tumor site because of the
enhanced permeability and retention effect of cancerous tumors.

Fig. 4. In vitro ﬂuorescence (a), photoacoustic (d) and CT (g) imaging of PPy&DOX@TaOx-NIRDye800-PEG nanoparticles; The relationship between ﬂuorescence (b), photoacoustic
(e) and CT (h) signals and the concentration of the PPy&DOX@TaOx-NIRDye800-PEG nanoparticles; In vivo ﬂuorescence (c), photoacoustic (f) and CT (i) imaging of PPy&DOX@TaOxNIRDye800-PEG nanoparticles.
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Because of the deep imaging depth and high spatial resolution at
the microscopic level, the PA imaging could be used for precise
anatomical localization of the tumor [8,35,36]. The PA signals of the
PPy&DOX@TaOx-NIRDye800-PEG nanoparticles were dosedependent (Fig. 4dec). To visualize the tumor microstructure,
mice bearing KYSE30 tumors were intravenously injected with
PPy&DOX@TaOx-NIRDye800-PEG and images taken under a PA
imaging system (excitation wavelength ¼ 808 nm). The initial PA
signal at the tumor site before injection was rather weak because
the tissues had a low absorbance at 808 nm (Fig. 4f). After injection
of PPy&DOX@TaOx-NIRDye800-PEG nanoparticles, the PA signal in
tumor tissue became stronger over time due to the passive tumor
accumulation of nanoparticles. Eventually the whole tumor gave a
strong signal, indicating that a sufﬁcient amount of
PPy&DOX@TaOx-NIRDye800-PEG nanoparticles had accumulated
inside the tumor.
Compared with other imaging modalities NIR-ﬂuorescence imaging had ultrahigh sensitivity, which could precisely identify the
boundary of the tumor. The ﬂuorescence intensity of the PPy@DOX@TaOx-NIRDye800-PEG solutions were measured (Fig. 4a). In a
lower concentration range (0e2.5 mg/mL), the ﬂuorescence intensity increased with the concentration, however, the ﬂuorescence intensity decreased when the concentration was higher than
2.5 mg/mL, which could be due to the self-quenching of the NIRDye800 (Fig. 4aeb). In addition, the in vivo ﬂuorescence experiments indicated that the ﬂuorescence intensity of the tumor
increased noticeably after the PPy&DOX@TaOx-NIRDye800-PEG
nanoparticles injection (Fig. 4c) and reached the strongest intensity at 24 h. The signals in the tumor site was 5.7-fold of that in
the surrounding tissue, consistent with the CT and PA imaging
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results, indicating that our nanoparticles could provide enhanced
differentiation between tumor and adjacent normal tissues.
These results indicated that the inherent physical properties of
PPy&DOX@TaOx-NIRDye800-PEG nanoparticles offer contrast
enhancement under CT/PA/ﬂuorescence imaging modalities, and
that by combining these 3 imaging modalities we could localize the
tumor and its boundary precisely.
In vivo chemo-thermal synergistic therapy
In vivo antitumor experiments were carried out to suggest the
optimal combination of PTT and chemotherapy using
PPy&DOX@TaOx-NIRDye800-PEG nanoparticles. Tumor-bearing
mice were divided into 7 groups, that is, PBS group, laser group,
free DOX group, PPy@TaOx-NIRDye800-PEG nanoparticles group,
PPy&DOX@TaOx-NIRDye800-PEG nanoparticles group, PPy@TaOxNIRDye800-PEG nanoparticles þ laser group, and PPy&DOX@TaOxNIRDye800-PEG nanoparticles group þ laser group. Then 100 mL of
PBS, free DOX solution, PPy@TaOx-NIRDye800-PEG nanoparticles,
or PPy&DOX@TaOx-NIRDye800-PEG nanoparticles (DOX 5 mg/kg,
or nanoparticles 25 mg/kg) were injected into tumor-bearing mice
through the tail vein, when the tumor sizes reached about
approximately 100 mm3. After 24 h, the tumor were exposed to
808 nm laser at 0.6 W/cm2 for 10 min or to no laser treatment. To
examine the in vivo photothermal effect of PPy&DOX@TaOx-NIRDye800-PEG nanoparticles, an IR thermal camera was used to
monitor the temperature change of the tumor areas before and
after NIR laser irradiation (Fig. 5a). As expected, tumors injected
with PBS exhibited no signiﬁcant temperature increase
(temperature < 42  C) during 10 min of laser irradiation. However,

Fig. 5. (a) Infrared thermal imaging of the KYSE30 tumor bearing mice before and after laser irradiation; (b) Tumor growth proﬁles of KYSE30 tumor bearing mice injected with PBS,
PPy@TaOx-NIRDye800-PEG and PPy&DOX@TaOx-NIRDye800-PEG nanoparticles at a dose of 25 mg/kg of nanoparticles; (c) Weight of KYSE30 tumor-bearing mice after various of
treatments at different time points.
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the temperature of tumors injected with PPy@TaOx-NIRDye800PEG nanoparticles or PPy&DOX@TaOx-NIRDye800-PEG nanoparticles signiﬁcantly increased, indicating a good photothermal
performance of PPy&DOX@TaOx-NIRDye800-PEG nanoparticles
in vivo.
During the experiment, the tumor volume was monitored for 21
days (Fig. 5b). The tumors in PPy&DOX@TaOx-NIRDye800-PEG
nanoparticles plus laser group were completely eradicated and no
occurrence was found after treatment (Fig. 5b and Fig. S4). Moreover, the tumor growth was also inhibited in the free DOX,
PPy&DOX@TaOx-NIRDye800-PEG nanoparticles, PPy@TaOx-NIRDye800-PEG plus NIR laser and the inhibition rates were
35.1 ± 12.6%, 55.6 ± 4.1% and 89.1 ± 12.8%, respectively. Although
the PPy@TaOx-NIRDye800-PEG plus NIR laser group also showed
complete tumor eradication at day 3, regrowth of tumors was
found at day 6. These results indicated that the PPy&DOX@TaOxNIRDye800-PEG plus NIR laser effectively combined PTT and

chemotherapy and achieved superior therapeutic efﬁcacy without
tumor recurrence. This shows more potential for tumor therapy
compared with PTT or chemotherapy alone due to the synergetic
effect.
In addition, PPy@TaOx-NIRDye800-PEG nanoparticles administration did not lead to decreased body weight (Fig. 5c) or noticeable
tissue damages or any other toxic effects on the normal tissues
including heart, liver, spleen, lung, kidney, brain, skin and muscle
regardless of irradiation (Fig. 6). However, PPy&DOX@TaOx-NIRDye800-PEG nanoparticles resulted in severe necrosis and extensive hemorrhagic inﬂammation, and tumor cells disappeared under
irradiation, while the control groups showed no notable necrosis,
but did show liver metastases (Fig. 6). We also analyzed white
blood cell counts (WBCs), red blood cell counts (RBCs) and platelet
counts (PLTs) using a BC-2800Vet hematology analyzer. The results
indicated that 7 days after the intravenous injection of PPy@TaOxNIRDye800-PEG or PPy&DOX@TaOx-NIRDye800-PEG nanoparticles

Fig. 6. H&E-staining of the heart, liver, spleen, lung, kidney, brain, pancreas, skin, muscle and tumor sections harvested from different groups of mice at 21 day after different
treatment.
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Fig. 7. (a) Infrared thermal imaging of the KYSE30 tumor-bearing mice before and after laser irradiation; (b) Tumor growth proﬁles of KYSE30 tumor-bearing mice after sprayed
with PBS, PPy@TaOx-NIRDye800-PEG and PPy&DOX@TaOx-NIRDye800-PEG nanoparticles at dose of 10 mg/kg of nanoparticles for 10 min; (c) Weight of KYSE30 tumor-bearing mice
after various of treatment at different time point.

or DOX, the counts of WBCs, RBCs and PLTs had no signiﬁcant
change, which indicated our nanoparticles did not cause inﬂammation, anemia, and polycythemia and had no katogene on
vascular integrity and the clotting process (Table S1). Thus, these
results indicate that the PPy&DOX-NIRDye800-PEG nanoparticles
had good biocompatibility and the potential for clinical application.
Because esophageal carcinoma is a type of superﬁcial cancer, the
administration of the drug could be aerosol administration. To
conﬁrm the bio-safety and effectiveness of the nanoparticles
aerosol administration, we detected the biodistribution of the
agent using CT imaging and analysis the amount of Ta element in
the main organ after intragastric administration (Figs. S5 and S6)
and the therapeutic efﬁcacy after it was applied on the tumor (Fig. 7
and Fig. S7). As shown in Fig. S5, after intragastric administration of
the nanoparticles, no obvious CT signals were found in other tissues
except gastrointestinal tract. And from the Fig. S6, the similar results were obtained. Majority of nanoparticles were centralized at
the tumor site. These results indicated that aerosol administration
of these nanoparticles generated little effect on other tissues, which
is safer compared with intravenous administration. During the
therapeutic experiments, the temperature variation of the tumor
was similar to that of the intravenous administration experiments
(Fig. 7a). The tumor sprayed with PPy@TaOx-NIRDye800-PEG
nanoparticles or PPy&DOX@TaOx-NIRdye800-PEG nanoparticles
exhibited signiﬁcant temperature increase (reached about 65  C)
after laser irradiation, however, the temperature of the tumor
sprayed with PBS had little increase (Fig. 7a). The inhibition rate of
the PPy&DOX-NIRDye800-PEG þ laser group was about 100%,

increased by 32.6 ± 2.7% and 4.6 ± 8.9% compared with the free
DOX group and PPy&DOX-NIRDye800-PEG group, respectively
(Fig. 7b and Fig. S7). The body weight of the experimental group
during the experiments had no signiﬁcant change compared with
the control group (Fig. 7c). These results indicated that our strategy
had no obvious effect on the other healthy tissues and had significant therapeutic efﬁcacy, which indicated that the nanoparticle
can be easily absorbed in the tumor tissues. Because of the aerosol
spray is local, it side effects may be lower than that after an intravenous injection.

Conclusions
In summary, the core/shell nanoparticles of PPy@TaOx-NIRDye800-PEG were successfully synthesized and used for in vitro
and in vivo biomedical application. The obtained PPy@TaOx-NIRDye800-PEG nanoparticles exhibited multimodal imaging features
including CT (good spatial resolution), photoacoustic imaging
(precise anatomical localization) and ﬂuorescence imaging (ultrasensitivity). This allowed the precise localization and boundary
identiﬁcation of the tumor. Furthermore, PPy@TaOx-NIRDye800PEG nanoparticles possessed high drug loading capabilities for pH
and temperature-responsive chemotherapy, together with high
photo-thermal conversion capability and the ability to combine
chemotherapy with PTT to enhance cancer treatment efﬁcacy. Our
work
introduces
the
new
theranostic
nanoagent
of
PPy&DOX@TaOx-NIRDye800-PEG
for
CT/photoacoustic/
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ﬂuorescence imaging-guided chemo- and photothermal combination therapy for esophageal carcinoma.
Our research only conﬁrmed the effectiveness and short-term
biocompatibility of this theranostic nanoagent indicating that our
system has potential clinical application. However, further studies
such as investigation of the mechanism of tumor targeting, longterm biocompatibility and biological fate of the nanoparticles are
needed before clinical translation. And due to the small animal
models cannot accurately represent a human, larger animal such as
dogs in clinical trials should be used for further studies. After that
these nanoparticles should apply for FDA approval which is with
long application cycle because of every component in these nanoparticles is not approved by FDA. There is a long road ahead.
Author contributions
Yushen Jin and Xibo Ma conceived and designed the experiments and Wanhai Xu gave much help in proposal development;
Yushen Jin, Xibo Ma, Shuai Zhang and Hui Meng performed the
experiments; Yushen Jin Min Xu analyzed the data; Min Xu and Xin
Yang contributed analysis tools; and Yushen Jin, Xibo Ma, and Jie
Tian wrote the paper.
Acknowledgment
This work was supported by the National Key Research and
Development Program of China under Grant No. 2016YFA0201401;
the National Natural Science Foundation of China under Grant No.
81227901, 81527805, 81471739 and 61231004; the National Key
Research Program of China under Grant 2016YFA0100900; the
Scientiﬁc Research and Equipment Development Project of Chinese
Academy of Sciences under Grant YZ201457; the Strategic Priority
Research Program from Chinese Academy of Sciences under Grant
No. XDB02060010; the Beijing Municipal Science & Technology
Commission under Grant No. Z161100002616022.
Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.canlet.2017.03.030.
Conﬂicts of interest
The authors declare no conﬂict of interest.
References
[1] C. Fitzmaurice, D. Dicker, A. Pain, H. Hamavid, M. Moradi-Lakeh, M.F. MacIntyre,
et al., The global burden of cancer 2013, JAMA Oncol. 1 (2015) 505e527.
[2] M.B. Sturm, B.P. Joshi, S.Y. Lu, C. Piraka, S. Khondee, B.J. Elmunzer, et al.,
Targeted imaging of esophageal neoplasia with a ﬂuorescently labeled peptide: ﬁrst-in-human results, Sci. Transl. Med. 5 (2013), 184ra61.
[3] J.Y. Shi, L.Y. Cui, B. Jia, Z.F. Liu, P. He, C.Y. Dong, et al., Technetium 99m-labeled
VQ peptide: a new imaging agent for the early detection of tumors or premalignancies, Mol. Imaging 12 (2013) 318e326.
[4] T. Bao, W.Y. Yin, X.P. Zheng, X. Zhang, J. Yu, X.H. Dong, et al., One-pot synthesis
of PEGylated plasmonic MoO(3-x) hollow nanospheres for photoacoustic
imaging guided chemo-photothermal combinational therapy of cancer, Biomaterials 76 (2016) 11e24.
[5] L.F. Tan, T.L. Liu, C.H. Fu, S.P. Wang, S.Y. Fu, J. Ren, et al., Hollow ZrO2/PPy
nanoplatform for improved drug delivery and real-time CT monitoring in
synergistic photothermal-chemo cancer therapy, J. Mater. Chem. B 4 (2016)
859e866.
[6] K. Wang, C.W. Chi, Z.H. Hu, M.H. Liu, H. Hui, W.T. Shang, et al., Optical molecular imaging frontiers in oncology, the pursuit of accuracy and sensitivity,
Engineering 1 (2015) 309e323.
[7] W.H. Chen, C.X. Yang, W.X. Qiu, G.F. Luo, H.Z. Jia, Q. Lei, et al., Multifunctional
theranostic nanoplatform for cancer combined therapy based on gold nanorods, Adv. Healthc. Mater. 4 (2015) 2247e2259.

[8] J.H. Huang, M.G. Guo, H.T. Ke, C. Zong, B. Ren, G. Liu, et al., Rational design and
synthesis of g-Fe2O3@Au magnetic gold nanoﬂowers for efﬁcient cancer
theranostics, Adv. Mater. 27 (2015) 5049e5056.
[9] Y. Wang, T. Yang, H.T. Ke, A.J. Zhu, Y.Y. Wang, J.X. Wang, et al., Smart albuminbiomineralized nanocomposites for multimodal imaging and photothermal
tumor ablation, Adv. Mater. 27 (2015) 3874e3882.
[10] W.T. Shang, C.T. Zeng, Y. Du, H. Hui, X. Liang, C.W. Chi, et al., Core-shell gold
nanorod@metal-organic framework nanoprobes for multimodality diagnosis
of glioma, Adv. Mater. 29 (2017) 1604381.
[11] Z.L. Dong, L.Z. Feng, W.W. Zhu, X.Q. Sun, M. Gao, H. Zhao, et al., CaCO3
nanoparticles as an ultra-sensitive tumor-pH-responsive nanoplatform
enabling real-time drug release monitoring and cancer combination therapy,
Biomaterials 110 (2016) 60e70.
[12] H. Meng, M. Xue, T. Xia, Y.L. Zhao, F. Tamanoi, J.F. Stoddart, et al., Autonomous
in vitro anticancer drug release from mesoporous silica nanoparticles by pHsensitive nanovalves, J. Am. Chem. Soc. 132 (2010) 12690e12697.
[13] F. Yan, W.L. Duan, Y.K. Li, H. Wu, Y.L. Zhou, M. Pan, et al., NIR-laser-controlled
drug release from DOX/IR-780-loaded temperature-sensitive-liposomes for
chemo-photothermal synergistic tumor therapy, Theranostics 6 (2016)
2337e2351.
[14] M.F. Kircher, A. de la Zerda, J.V. Jokerst, C.L. Zavaleta, P.J. Kempen, E. Mittra,
et al., A brain tumor molecular imaging strategy using a new triplemodality MRI-photoacoustic-Raman nanoparticle, Nat. Med. 18 (2012)
829e835.
[15] Y.S. Jin, J.R. Wang, H.T. Ke, S.M. Wang, Z.F. Dai, Graphene oxide modiﬁed PLA
microcapsules containing gold nanoparticles for ultrasonic/CT bimodal imaging guided photothermal tumor therapy, Biomaterials 34 (2013)
4794e4802.
[16] K.Y. Pu, A.J. Shuhendler, J.V. Jokerst, J.G. Mei, S.S. Gambhir, Z.N. Bao, et al.,
Semiconducting polymer nanoparticles as photoacoustic molecular imaging
probes in living mice, Nat. Nanotech. 9 (2014) 233e239.
[17] D. Peng, Y. Du, Y.W. Shi, D. Mao, X.H. Jia, H. Li, et al., Precise diagnosis in
different scenarios using photoacoustic and ﬂuorescence imaging with dualmodality nanoparticles, Nanoscale 8 (2016) 14480e14488.
[18] Y. Du, Q. Jiang, N. Beziere, L. Song, Q. Zhang, D. Peng, et al., DNA-nanostructure-gold-nanorod hybrids for enhanced in vivo optoacoustic imaging
and photothermal therapy, Adv. Mater. 28 (2016) 10000e10007.
[19] C.W. Chi, Y. Du, J.Z. Ye, D.Q. Kou, J.D. Qiu, J.D. Wang, et al., Intraoperative
imaging-guided cancer surgery: from current ﬂuorescence molecular imaging
methods to future multi-modality imaging technology, Theranostics 4 (2014)
1072e1084.
[20] Y.M. Zhang, M. Jeon, L.J. Rich, H. Hong, J.M. Geng, Y. Zhang, et al., Non-invasive
multimodal functional imaging of the intestine with frozen micellar naphthalocyanines, Nat. Nanotech. 9 (2014) 631e638.
[21] S. Teipel, A. Drzezga, M.J. Grothe, H. Barthel, G. Chetelat, N. Schuff, et al.,
Multimodal imaging in Alzheimer's disease: validity and usefulness for early
detection, Lancet Neurol. 14 (2015) 1037e1053.
[22] J.H. Yu, S.H. Kwon, Z. Petrasek, O.K. Park, S.W. Jun, K. Shin, et al., High-resolution three-photon biomedical imaging using doped ZnS nanocrystals, Nat.
Mater. 12 (2013) 359e366.
[23] E. Huynh, B.Y.C. Leung, B.L. Helﬁeld, M. Shakiba, J.A. Gandier, C.S. Jin, et al., In
situ conversion of porphyrin microbubbles to nanoparticles for multimodality
imaging, Nat. Nanotech. 10 (2015) 325e332.
[24] G. Lv, W. Guo, W. Zhang, T. Zhang, S. Li, S. Chen, et al., Near-infrared emission
CuInS/ZnS quantum dots: all-in-one theranostic nanomedicines with intrinsic
ﬂuorescence/photoacoustic imaging for tumor phototherapy, ACS Nano 9
(2016) 5695e5704.
[25] S. Sreejith, J. Joseph, M. Lin, N.V. Menon, P. Borah, H.J. Ng, et al., Near-infrared
squaraine dye encapsulated micelles for in vivo ﬂuorescence and photoacoustic bimodal imaging, ACS Nano 9 (2015) 5695e5704.
[26] J. Chen, X.Q. Yang, Y.Z. Meng, M.Y. Qin, D.M. Yan, Y. Qian, et al., Reverse
microemulsion-mediated synthesis of Bi2S3-QD@SiO2-PEG for dual modal
CT-ﬂuorescence imaging in vitro and in vivo, Chem. Commun. 49 (2013)
11800e11802.
[27] J. Zhang, C. Li, X. Zhang, S. Huo, S. Jin, F.F. An, et al., In vivo tumor-targeted
dual-modal ﬂuorescence/CT imaging using a nanoprobe co-loaded with an
aggregation-induced emission dye and gold nanoparticles, Biomaterials 42
(2015) 103e111.
[28] H. Qin, T. Zhou, S. Yang, D. Xing, Fluorescence quenching nanoprobes dedicated to in vivo photoacoustic imaging and high-efﬁcient tumor therapy in
deep-seated tissue, Small 11 (2015) 2675e2686.
[29] S.A. El-Daly, M.M. Rahman, K.A. Alamry, A.M. Asiri, Fluorescence quenching of
perylene DBPI dye by colloidal low-dimensional gold nanoparticles,
J. Fluoresc. 25 (2015) 973e978.
[30] E. Dulkeith, A.C. Morteani, T. Niedereichholz, T.A. Klar, J. Feldmann, S.A. Levi, et
al., Fluorescence quenching of dye molecules near gold nanoparticles: radiative and nonradiative effects, Phys. Rev. Lett. 89 (2002) 203002.
[31] M.H. Oh, N. Lee, H. Kim, S.P. Park, Y. Piao, J. Lee, et al., Large-scale synthesis of
bioinert tantalum oxide nanoparticles for X-ray computed tomography imaging and bimodal image-guided sentinel lymph node mapping, J. Am. Chem.
Soc. 133 (2011) 5508e5515.
[32] Y.S. Jin, X.B. Ma, S.S. Feng, X. Liang, Z.F. Dai, J. Tian, et al., Hyaluronic acid
modiﬁed tantalum oxide nanoparticles conjugating doxorubicin for targeted
cancer theranostics, Bioconjugate Chem. 26 (2015) 2530e2541.

Y. Jin et al. / Cancer Letters 397 (2017) 61e71
[33] Y.S. Jin, Y.Y. Li, X.B. Ma, Z.B. Zha, L.L. Shi, J. Tian, et al., Encapsulating-tantalum
oxide into polypyrrole nanoparticles for X-ray CT/photoacoustic bimodal
imaging-guided photothermal ablation of cancer, Biomaterials 35 (2014)
5795e5804.
[34] E. Mine, A. Yamada, Y. Kobayashi, M. Konno, L.M. Liz-Marzan, Direct coating of
gold nanoparticles with silica by a seeded polymerization technique, J. Colloid
Interf. Sci. 264 (2003) 385e390.

71

[35] A. de la Zerda, S. Bodapati, R. Teed, S.Y. May, S.M. Tabakman, Z. Liu, et al.,
Family of enhanced photoacoustic imaging agents for high-sensitivity and
multiplexing studies in living mice, ACS Nano 6 (2012) 4694e4701.
[36] C. Kim, E.C. Cho, J. Chen, K.H. Song, L. Au, C. Favazza, et al., In vivo molecular
photoacoustic tomography of melanomas targeted by bioconjugated gold
nanocages, ACS Nano 4 (2010) 4559e4564.

