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ABSTRACT: Theranostic tantalum oxide nanoparticles (TaOxNPs) of about
40 nm were successfully developed by conjugating functional molecules
including polyethylene glycol (PEG), near-infrared (NIR) ﬂuorescent dye,
doxorubicin (DOX), and hyaluronic acid (HA) onto the surface of the
nanoparticles (TaOx@Cy7-DOX-PEG-HA NPs) for actively targeting delivery,
pH-responsive drug release, and NIR ﬂuorescence/X-ray CT bimodal imaging.
The obtained nanoagent exhibits good biocompatibility, high cumulative
release rate in the acidic microenvironments, long blood circulation time, and
superior tumor-targeting ability. Both in vitro and in vivo experiments show
that it can serve as an excellent contrast agent to simultaneously enhance
ﬂuorescence imaging and CT imaging greatly. Most importantly, such a
nanoagent could enhance the therapeutic eﬃcacy of the tumor greatly and the
tumor growth inhibition was evaluated to be 87.5%. In a word, multifunctional
TaOx@Cy7-DOX-PEG-HA NPs can serve as a theranostic nanomedicine for
ﬂuorescence/X-ray CT bimodal imaging, remote-controlled therapeutics, enabling personalized detection, and treatment of
cancer with high eﬃcacy.

■

INTRODUCTION
Recently, cancer theranostics as a treatment combining
diagnostic imaging and targeted therapy has attracted intense
interest.1,2 The most exciting feature of nanoparticles (NPs) for
the use of drug delivery is the capability to improve stability,
pharmacokinetics, and biodistribution of a large amount of
therapeutic and diagnostic agents, resulting in more eﬃcacious
drug administration with reduced side eﬀects.3 As an excellent
drug delivery system, multifunctional nanoparticles can
contribute to a more individualized cancer treatment strategy
through imaging guidance and treatment response monitoring.4Theranostic nanotechnologies can oﬀer unique characteristics and novel strategies to guide, evaluate, and treat cancer in
real time.5
Nanoparticles as drug carriers for chemotherapy have
aroused continuous interest in past years.6−9 However, passive
biodistribution of the these nanoparticles also often results in
sub-therapeutic drug levels at the tumor site,10 which leads to
the failure to eradicate the lesion and even stimulates
overgrowth of resistant malignant cells.11 In order to enhance
the drug accumulation in the tumor site, the nanocarriers were
further modiﬁed with target molecules, such as hyaluronic acid
(HA, a CD44-tropic molecules),12 folic acid,13 and trastuzumab.14,15 CD44 is a cell-surface glycoprotein that is involved in
mediating cell−cell interaction, adhesion, and migration.16 It is
overexpressed in many solid tumors compared with normal
tissues, thus making it a viable therapeutic target. Elevated
© 2015 American Chemical Society

levels of CD44 are also observed in drug-resistant cancer
cells.17−19 Therefore, drug formulations that simultaneously
target CD44 and deliver a payload of therapy may help
overcome multidrug resistance (MDR) and improve patient
prognosis.20,21 Conjugation of HA molecules onto the
nanoparticles may facilitate entry into the CD44-overexpressing
cancer cells via CD44-mediated endocytosis.
In recent years, the use of tantalum oxide nanoparticles
(TaOx NPs) as CT contrast agent has attracted considerable
attention due to its good biocompatibility.22−24 Most
importantly, the X-ray attenuation coeﬃcient of Ta is
comparable to that of Au, but it is more cost-eﬀective than
Au. Bonitatibus et al. synthesized water-soluble sub-10 nm
tantalum oxide nanoparticles (Ta2O5NPs) for X-ray CT
imaging application.25 But, these nanoparticles with rapid
renal clearance limited their further bioapplication. Oh et al.
fabricated uniform-sized TaOx NPs via a microemulsion
method and further modiﬁed the nanoparticles with RITCand PEG-silane for X-ray CT imaging and ﬂuorescence imaging
application.22 Lee et al. prepared multifunctional Fe3O4/TaOx
core/shell nanoparticles for bimodal X-ray CT-MR (magnetic
resonance) imaging,23 and TaOx@PPy NPs were developed for
dual-modal X-ray CT/photoacoustic imaging guided cancer
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Figure 1. Schematic illustration of the fabrication procedure of the TaOx@Cy7-DOX-PEG-HA NPs as a pH-sensitive drug carrier for bimodal CT
and ﬂuorescence imaging-guided breast cancer therapy.

photothermal therapy.26To date, however, there is no report to
employ TaOxNPs as a drug carrier to load chemotherapeutic
drugs for imaging guided targeting drug delivery and controlled
release.
Compared with the other imaging modalities, ﬂuorescence
imaging has the highest sensitivity. By employing near-infrared
(NIR) probes, ﬂuorescence imaging allows higher tissue
penetration than visible optical probes for in vivo imaging
applications at the NIR window of 650−900 nm because of
relatively low tissue absorption and minimal autoﬂuorescence.27
Yet, its spatial resolution remains very poor due to strong
scattering of both the excitation light and the emitted
ﬂuorescence light. In contrast, CT imaging has high spatial
resolution and unlimited penetration depth. However, inherently low sensitivity of CT imaging results in poor soft tissue
contrast. Therefore, the development of nanoparticles combining ﬂuorescence and CT imaging has gained in popularity
because they ally the high sensitivity of the ﬂuorescence
imaging to CT imaging with high spatial resolution.22,28
Aiming to further enhance the therapeutic eﬃcacy of the
tumor without collateral damage to healthy tissues, some
stimuli such as pH28−31 and enzyme32 have been used to trigger
the release of drug for therapeutic medication with high eﬃcacy
and fewer side eﬀects. The extracellular pH in tumor tissue is
lower than that in normal tissues and the endosome and
lysosome in the cells are also acidic so pH-responsive drug
nanocarriers can accelerate drug release in tumor tissues.29−31,33,34 However, it remains a great challenge to smartly
combine CT and ﬂuorescence bimodal imaging, targeting drug
delivery, pH-responsive drug release in a single nanoagent for
cancer theranostics.

In this paper, multifunctional TaOx@Cy7-DOX-PEG-HA
NPs have been developed through a microemulsion method
from tantalum ethoxide, followed by further surface modiﬁcation with 2-methoxy(polyethyleneoxy)-propyl-trimethoxysilane (PEG-silane), (3-aminopropyl)triethoxysilane (APTES)
labeled with ﬂuorescent dye of Cy7, and conjugation with
doxorubicin (DOX) and HA. TaOx NPs can enhance CT
imaging and load DOX. Cy7 serves as a NIR ﬂuorescence
probe. Introduction of the PEG on the surface of the
nanoparticles would greatly prolong the circulation time in
vivo. HA molecules can mediate active targeting to tumor. Both
CT and ﬂuorescence contrast behavior and antitumor eﬀect of
the obtained nanoparticles were evaluated in vitro and in vivo.

■

RESULTS AND DISCUSSION
Fabrication and Characterization of TaOx@Cy7-DOXPEG-HA NPs. TaOx NPs were fabricated using microemulsion
method according to literatures,22,23 followed by functional
modiﬁcation to endow the nanoparticles with ﬂuorescence
imaging capability, biocompatibility, and targetability (as shown
in Figure 1). The dynamic light scattering (DLS) measurements (n = 6 per each sample) showed that TaOx NPs, TaOx@
Cy7-DOX-PEG NPs, and TaOx@Cy7-DOX-PEG-HA NPs had
an average diameter of 18 nm, 26.1 and 37.5 nm (Figure 2a−c),
respectively. The increased diameter of the nanoparticles was
attributed to the coating of PEG and HA molecules on the
surface of the nanoparticles. Transmission electron microscope
(TEM) images showed that TaOxNPs, TaOx@Cy7-DOX-PEG
NPs and TaOx@Cy7-DOX-PEG-HA NP showed a nearspherical morphology, with an average diameter of ∼15, 20,
and 21 nm (Figure 2d−f), respectively. The diﬀerence in the
particle size between TEM and DLS measurements could be
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Figure 2. (a−c) Analysis of nanoparticle size by DLS: TaOx@Cy7 NPs (a) dispersed in cyclohexane, and TaOx@Cy7-DOX-PEG NPs (b), and
TaOx@Cy7-DOX-PEG-HA NPs (c) dispersed in water. (d−f) TEM images: TaOx@Cy7 NPs (d), TaOx@Cy7-DOX-PEG NPs (e), and TaOx@
Cy7-DOX-PEG-HA NPs (f). Scale bar: 100 nm. Absorption spectra (g) and ﬂuorescence spectra (h) of free Cy7 molecules (dashed line) and
TaOx@Cy7-DOX-PEG-HA NPs (solid line).

attributed to the fact that DLS measures diameter of hydrated
particles while TEM measures the size of dry particles, and the
PEG and HA molecules could not detect by TEM.
To oﬀer additional ﬂuorescence imaging capability, the
APTES conjugating an NIR ﬂuorescence dye of Cy7 was
selected to attach to the TaOx NPs since the long emission
wavelength of Cy7 lies within the high transmission window of
biotissue. Absorption (Figure 2g) and emission (excited at 750
nm, Figure 2h) spectra of the Cy7 functionalized nanoparticles
dispersion were taken and are shown in Figure 2g,h. At the
same dye concentration, the ﬂuorescence intensity of Cy7conjugated TaOx NPs was similar to free Cy7, indicating that
the conjugation of Cy7 onto TaOx NPs did not result in
apparent ﬂuorescence quenching.
Drug Encapsulation Eﬃciency, Loading Content, and
Release. As a chemotherapy drug, the encapsulation eﬃciency
(EE) and drug loading content (DLC) of nanoparticles are
crucial for their clinical application. The EE and DLC of
TaOx@Cy7-DOX-PEG-HA NPs were ∼80% and ∼4%,
respectively. Figure 3 shows the cumulative release proﬁles of
DOX from the TaOx@Cy7-DOX-PEG-HA NPs at various time
points in three pH solutions (pH 5.5, 7.4, and 9.0). There was
less than 10% DOX released toward the end of 180 h of the

Figure 3. In vitro cumulative release proﬁle of DOX from TaOx@Cy7DOX-PEG-HA NPs using the dynamic dialysis method in PBS with
diﬀerent pH (pH 5.5 (rotundity), 7.4 (triangle), and 9.0 (square)) at
37 °C.
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Figure 4. (a−e) Fluorescence images of MDA-MB-231 cells after 4 h incubation with TaOx@Cy7-PEG-HA NPs with diﬀerent concentrations: (a)
control, (b)20 μg/mL, (c) 100 μg/mL, (d) 500 μg/mL, and (e) 1000 μg/mL. Cells were stained with DAPI for visualization of cell nuclei (blue) and
the Cy7 were used in this experiment for nanoparticle tracing (red, pseudocolor). (f−h) Quantitative analysis of cellular uptake of nanoparticles by
MDA-MB-231 cells: (f) concentration eﬀect, (g) HA eﬀect (0.15 mg/mL), and (h) time eﬀect (0.1 mg/mL). (h) Eﬀect of receptor competitive
inhibitor on cellular uptake in MDA-MB-231 cells treated with TaOx@Cy7-PEG-HA NPs (0.15 mg/mL). In (g), negative control represents the
group without any treatment, and positive control represents the group of cells only treated with TaOx@Cy7-PEG-HA NPs.

measured through a microplate reader. As shown in Figure 4f,
the cellular uptake eﬃciency was closely related with the
nanoparticle concentration. Compared with TaOx@Cy7-PEG
NPs, the cellular uptake eﬃciency of TaOx@Cy7-PEG-HA NPs
is much higher at the low nanoparticle concentration,
suggesting that the HA modiﬁcation does facilitate TaOx@
Cy7-PEG-HA NPs accumulation in MDA-MB-231 cells.
However, when the concentration of the nanoparticles is
higher than 0.4 mg/mL, the diﬀerence between the two kinds
of nanoparticles was not signiﬁcant. To further conﬁrm that
cellular uptake of the TaOx@Cy7-PEG-HA NPs was HA
receptor-mediated, HA was used as a competitive inhibitor for
the endocytosis of the nanoparticles. As shown in Figure 4h,
the cellular uptake eﬃciency of the HA pretreated group was
much lower than the group only treated with TaOx@Cy7-PEGHA NPs, which conﬁrms our hypothesis.
Besides the nanoparticles concentration, the incubation time
is also an important factor to determine the cellular uptake
eﬃciency. Figure 4g shows the cellular uptake of the TaOx@
Cy7-PEG-HA NPs by MDA-MB-231 cells after 0.5, 1, 2, 3, 4, 6,
9, and 20 h incubation at 0.1 mg/mL TaOx@Cy7-PEG-HA
concentration at 37 °C (n = 6). It was found that the cellular
uptake eﬃciency increased with incubation time. However,
after incubation with the nanoparticles for 4 h, the cellular

study period in pH 7.4 solutions. However, a signiﬁcant
increase was seen in a weak acid medium and about 92.7%
DOX was released from the nanoparticles at 48 h. Nevertheless,
no obvious diﬀerence in cumulative release rate was observed
between neutral and alkaline pH, which indicated the covalent
bonds between DOX and the nanoparticles are stable at both
neutral and alkaline pH. The nanoparticles can be used as an
eﬀective drug carrier with high stability during blood circulation
and high cumulative release rate after being selectively taken up
by tumor tissue due to the acidic microenvironments in the
extracellular tissues of the tumors and intracellular lysosomes
and endosomes.34 Therefore, the obtained nanoparticles as a
drug delivery vehicle are advantageous for cancer chemotherapy. This could make the chemotherapy drug eﬀectively
inhibit the proliferation of cancer cells and improve patient
acceptance and compliance.
Cellular Uptake of HA Functionalized TaOx NPs.
Figure4a−e shows the ﬂuorescence microscopy images of
MDA-MB-231 cells after 4 h incubation with the TaOx@Cy7PEG-HA NPs at diﬀerent concentrations at 37 °C. It can be
seen that the ﬂuorescence strength of the cells was enhanced
with increasing the concentration of the nanoparticles. To
further quantitative analysis of the cellular uptake eﬃciency of
the nanoparticles, the ﬂuorescence intensity of the cells was
2533
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Figure 5. (a−c) The in vitro cytotoxicity of MDA-MB-231 cells after 4 h incubation with free DOX, TaOx@Cy7-DOX-PEG NPs, and TaOx@Cy7DOX-PEG-HA NPs and further incubation with fresh medium for another (a) 20 h, (b) 44 h, and (c) 68 h. (d) The cytotoxicity of MDA-MB-231
cells after incubation with TaOx@Cy7-PEG NPs and TaOx@Cy7-PEG-HA NPs for 24 h.

uptake eﬃciency had no increase with further increasing
incubation time, indicating that 4 h is the optimal cellular
uptake time for the obtained nanoparticles. These ﬁndings
suggested that TaOx@Cy7-PEG-HA NPs could act as an
eﬀective drug delivery carrier to promote the cellular uptake
and increase the drug intracellular accumulation.
Antitumor Eﬀect of TaOx@Cy7-DOX-PEG-HA NPs in
Vitro. Figure 5a−c shows the in vitro cytotoxicity of MDAMB-231 cells after 4 h incubation with free DOX, TaOx@Cy7DOX-PEG NPs, and TaOx@Cy7-DOX-PEG-HA NPs and
additional incubation with fresh medium for another 20, 44,
and 68 h (n = 5), respectively. The viability of the cells after
diﬀerent treatment was measured by MTT assay. It can be seen
that the viability of MDA-MB-231 breast cancer cells decreased
with increase of the drug concentration as well as the
incubation time. Nonetheless, the TaOx@Cy7-DOX-PEG-HA
NPs exhibited the highest in vitro therapeutic eﬀects in
comparison with TaOx@Cy7-DOX-PEG NPs and free DOX,
which could be attributed to the HA targeting eﬀect. As
indicated by the cellular uptake assay, the HA modiﬁcation of
TaOxNPs resulted in higher cellular uptake eﬃciency. Therefore, TaOx@Cy7-DOX-PEG-HA NPs can eﬃciently transport
DOX into MDA-MB-231 cells and further resulted in a
signiﬁcant cytotoxicity compared with free DOX and TaOx@
Cy7-DOX-PEG NPs. As a control, no signiﬁcant cytotoxicity
was observed for the MDA-MB-231 cells after incubation with
the nanoparticles without drug conjugation for 24 h
(Figure5d).
CT and Fluorescence Imaging. The CT imaging
capability of the TaOx@Cy7-DOX-PEG-HA NPs was evaluated
by varying particle concentration. The CT signal was found to
increase linearly with particle concentration in the milligram
regime (Figure 6a). There is a well-correlated linear relationship (R2 = 0.99994) between TaOx@Cy7-DOX-PEG-HA NP
concentration and HU values. It suggested that TaOx@Cy7DOX-PEG-HA NPs had a great potential to be used as CT

Figure 6. (a) In vitro phantom CT contrast images of TaOx@Cy7DOX-PEG-HA NPs at diﬀerent concentrations: 0, 3, 6, 13, 27, and 54
mg/mL. (b) Linear ﬁtting of the CT values as a function of the
concentration of TaOx@Cy7-DOX-PEG-HA NPs in 0.9% saline
(equation of linear regression: Y = 24.06632X + 4.19482, R2 =
0.99994).

contrast agents. Then, in vivo CT and ﬂuorescence imaging of
the tumor-bearing mice was performed at diﬀerent intravenous
injection time.
The CT imaging of the tumor-bearing mice was carried out
before and after intravenous injection of TaOx@Cy7-DOXPEG-HA NPs (Figure 7a). There were obvious light dots in the
tumor area after 8 h injection of TaOx@Cy7-DOX-PEG-HA
NPs, and the tumor area became much brighter after 24 h
2534
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ing the obvious translocation of these nanoparticles from the
normal organs to tumor. Compared with the TaOx@Cy7DOX-PEG NPs group, the ﬂuorescence signal of the TaOx@
Cy7-DOX-PEG-HA NPs in tumor is much stronger, especially
at 24 h, indicating the better tumor targeting capability of the
TaOx@Cy7-DOX-PEG-HA NPs. These results indicated that
the TaOx@Cy7-DOX-PEG-HA NPs can act as eﬀective
bimodal contrast agent to enhance both CT and ﬂuorescence
in vivo to precisely display the tumor site. However, there were
minor diﬀerences between the CT images and the ﬂuorescence
images, which may be attributed to the high sensitivity of the
ﬂuorescence imaging and high spatial resolution of CT. It
indicated the importance of complementary combination of
these two imaging modalities.
In Vivo Biodistribution and Clearance of TaOx@Cy7DOX-PEG-HA NPs. The biodistribution of TaOx@Cy7-DOXPEG-HA NPs in tumor-bearing mice after intravenous injection
was investigated compared with free DOX and TaOx@Cy7DOX-PEG NPs. Whole organs including heart, liver, spleen,
lung, kidney, brain, intestine, and tumor were removed 1, 4, 24,
or 48 h after injection and blood was withdrawn at the same
time point. The DOX accumulation in the organs or blood was
examined by HPLC (Figure 9). In comparison with the free
DOX group, the loading DOX into the nanoparticles prolonged
the blood circulation time of DOX, hence facilitating the
accumulation of DOX at the tumor site. After 24 h intravenous
injection, 8.3% and 7.8% of DOX were found to accumulate in
the tumors for TaOx@Cy7-DOX-PEG-HA NPs and TaOx@
Cy7-DOX-PEG NPs, respectively, signiﬁcantly higher than the
free DOX (2.0%) (Figure 9). The diﬀerence was not
considered statistically signiﬁcant between TaOx@Cy7-DOXPEG-HA NPs and TaOx@Cy7-DOX-PEG NPs at the tumor
site after 24 h intravenous injection. Nevertheless, after
injection for 48 h, 6.2% of DOX remained in the tumors for
TaOx@Cy7-DOX-PEG-HA NPs, remarkably higher than
TaOx@Cy7-DOX-PEG NPs (2.7%). These results indicated
that the HA modiﬁcation could not signiﬁcantly increase the
accumulation amount of the nanoparticles at the tumor site, but
it could prolong the accumulation time of the nanoparticles at
the tumor site, which was an important factor of the
improvement of cancer therapeutic eﬃcacy. However, there
was no signiﬁcant diﬀerence in normal tissue biodistribution

Figure 7. In vivo 3D CT images of a mouse injected TaOx@Cy7DOX-PEG-HA NPs (a) and TaOx@Cy7-DOX-PEG NPs solution
(150 mg/kg) through the tail vein.

injection, indicating that the TaOx@Cy7-DOX-PEG-HA NPs
could accumulate at the tumor site after blood circulation.
However, no obvious CT signal enhancement was observed in
the tumor area in the whole CT experiments after TaOx@Cy7DOX-PEG NPs injection in the same experiment conditions
(Figure 7b), which could be attributed to the fewer amount of
nanoparticles accumulated at the tumor site.
Figure 8 showed the in vivo tumor-targeted ﬂuorescence
imaging after intravenous injection of the nanoparticles. It was
found that the nanoparticles accumulated in the tumor and
other organs, and the ﬂuorescence intensity of the tumor
increased with increasing time, and reached the strongest at 24
h. However, the ﬂuorescence intensity of the other organ
decreased as the time increased so the tumor could be
distinguished more readily from the other organs, demonstrat-

Figure 8. Fluorescence images of nude mice bearing MDA-MB-231 tumor before and after tail vein injection of TaOx@Cy7-DOX-PEG-HA NPs (a)
and TaOx@Cy7-DOX-PEG NPs (b) injection at 4, 8, 24, and 48 h.
2535
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Figure 9. In vivo biodistribution of free DOX (a), TaOx@Cy7-DOX-PEG NPs (b), and TaOx@Cy7-DOX-PEG-HA NPs (c) in tumor-bearing mice
based on estimation of major organs and blood by HPLC at 1, 4, 24, and 48 h after intravenous injection.

Figure 10. In vivo antitumor eﬃcacy study in MDA-MB-231 cells bearing xenograft tumor model after intravenous injection of 0.9% saline, free
DOX, TaOx@Cy7-DOX-PEG NPs, and TaOx@Cy7-DOX-PEG-HA NPs: (a) In vivo antitumor eﬀects; (b) body weight changes; (c−f)
photography of the mice after diﬀerent treatment at day 0, day 10, and day 27. Each data point was represented as mean ± SD (n = 8). ***p <
0.0001 is the statistical diﬀerence of the relative tumor volume between experimental groups with control group (not only 0.9% saline treated group
but also free DOX treated group); **p < 0.001 is the statistical diﬀerence of body weight between the TaOx@Cy7-DOX-PEG NPs treated group
with control groups (not only 0.9% saline treated groups but also free DOX treated group).

signiﬁcant diﬀerence between the DOX treated group and the
0.9% saline group, suggesting that the administered DOX
dosage was insuﬃcient to inhibit the tumor growth. The
photographs of the mice after diﬀerent treatment at diﬀerent
time also proved it (Figure 10c). Nevertheless, the tumor size
of both nanoparticles treated groups decreased in the ﬁrst 9
days after treatment and gradually grew in the next days at a
very low rate. Their inhibition rates were 87.5% for TaOx@
Cy7-DOX-PEG-HA NPs and 82.6% for TaOx@Cy7-DOXPEG NPs. These results indicated that the nanoparticle treated
groups were highly eﬃcacious in tumor reduction as compared
with the free DOX treated group due to enhance permeation
and retention (EPR) eﬀect. However, no apparent diﬀerence in
the therapeutic eﬃcacy was seen between two particle treated
groups, suggesting that the EPR eﬀect could play a major role
in tumor targeting and accumulation.

between the TaOx@Cy7-DOX-PEG NPs and TaOx@Cy7DOX-PEG-HA NPs. It indicated that the HA does not
inﬂuence nonspeciﬁc binding to normal tissues. In comparison
with the above imaging results, there were minor diﬀerences,
which may be attributed to the distinction of detecting
techniques. The characteristics of DOX were diﬀerent from
TaOx NPs for CT imaging and Cy7 for ﬂuorescence imaging.
In addition, for the nanoparticle groups (Figure 9b and c),
DOX were found in the kidney after 1 h injection and gradually
increased as time went by, indicating that the renal excretion
may be one possible route for nanoparticle clearance.
Antitumor Eﬀect of TaOx@Cy7-DOX-PEG-HA NPs in
Vivo. MDA-MB-231 tumor cell bearing nude mice were used
to evaluate the antitumor eﬃcacy. The change of relative tumor
volume as a function of time was plotted in Figure 10a. The
tumor size of untreated group increased rapidly. There was no
2536

DOI: 10.1021/acs.bioconjchem.5b00551
Bioconjugate Chem. 2015, 26, 2530−2541

Article

Bioconjugate Chemistry

Figure 11. Representative histopathological images of heart, liver, spleen, lung, kidney, and tumor sections: (A) TaOx@Cy7-DOX-PEG-HA NPs,
(B) free DOX, (C) TaOx@Cy7-DOX-PEG NPs, and (D) 0.9% saline.

conjugation with Cy7, DOX, and HA. The obtained TaOx@
Cy7-DOX-PEG-HA NPs show excellent ﬂuorescence and CT
imaging capability, long blood circulation time, and superior
tumor-targeting ability. Most importantly, TaOx@Cy7-DOXPEG-HA NPs were proven to be a pH-responsive drug delivery
system and could enhance the therapeutic eﬃcacy of the tumor
greatly. In a word, multifunctional TaOx@Cy7-DOX-PEG-HA
NPs can serve as a theranostic nanomedicine for noninvasive
real-time imaging diagnosis, remote-controlled therapeutics,
particularly imaging-guided chemotherapeutics, enabling personalized detection and treatment of cancer with high eﬃcacy.

High toxicity usually leads to weight loss. Thus, the weights
of all the free DOX, TaOx@Cy7-DOX-PEG-HA NPs, TaOx@
Cy7-DOX-PEG NPs, and 0.9% saline-treated mice were
monitored throughout the antitumor study (Figure 10b).
Although there was a slight loss of body weight, none of the
animals in the TaOx@Cy7-DOX-PEG-HA NPs treated group
lost >10% of their original weight, implying that the toxicity of
this treatment were not severe. However, in the TaOx@Cy7DOX-PEG NPs treated group, there was a signiﬁcant decrease
of body weight. It indicated that the TaOx@Cy7-DOX-PEGHA NPs were more biocompatible than TaOx@Cy7-DOXPEG NPs.
Hematoxylin and Eosin. On day 27 after injection, the
tissue slice such as heart, liver, spleen, lung, kidney, and tumor
were collected and stained with hematoxylin and eosin (H&E).
As shown in Figure 11, there were no apparent histological
changes with the normal organs; however, the tumor cells had
almost disappeared after nanoparticle injection. These results
revealed that TaOx@Cy7-DOX-PEG-HA NPs were a promising targeted chemotherapy agent.

■

MATERIALS AND METHODS
Materials. IgepalCO-520 (average Mn 441) was obtained
from Sigma-Aldrich and used without further puriﬁcation.
Tantalum(V) ethoxide and 2-methoxy(polyethyleneoxy)-propyltrimethoxysilane (PEG-silane, 596−725 Da) were from J&K
Chemical Ltd. (3-Aminopropyl)triethoxysilane was purchased
from Aladdin Chemistry Co., Ltd. Doxorubicin was obtained
from Beijing Huafeng United Technology Co., Ltd. Fetal
bovine serum and Dulbecco’s Modiﬁed Eagle’s Medium
(DMEM) were purchased from Zhejiang Tianhang Biotechnology Co., Ltd., and Thermo Fisher Scientiﬁc Inc., respectively.
Hyaluronic acid (HA) was purchased from Zhenjiang

■

CONCLUSION
TaOx@Cy7-DOX-PEG-HA NPs were successfully fabricated
via a simple microemulsion method, followed by further
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°C in the dark. The supernatant was collected after
centrifugation for 30 min at 15 000 rpm and detected at 480
nm using UV−visble spectrophotometer. The DLC of the
nanoparticles was calculated as follows:

Dongyuan Biotechnology Co., Ltd. Dialysis membrane was
from Spectrum Laboratories Inc. (molecular weight cutoﬀ
12 000−14 000 Da). 3-(4,5)-Dimethylthiahiazo(-z-y1)-3,5-dipheny-tetrazoliumromide (MTT) was obtained from Beijing
Biotopped Science & Technology Co., Ltd. Deionized (DI)
water was obtained by a Milli-Q Water puriﬁcation system.
Synthesis of TaOx NPs in Microemulsion. The TaOx
NPs were synthesized employing the method described in the
literature (as shown in Figure 1). Brieﬂy, 0.25 mL of NaOH
aqueous solution (3 mg/mL) was added to the oil phase
composed of 2.3 g of Igepal CO-520 and 20 mL of cyclohexane
to form a microemulsion. Then, 0.05 mL of tantalum(V)
ethoxide was added to the ME at room temperature. After
stirring for 5 min, TaOx NPs were formed.
Preparation of TaOx@Cy7-DOX-PEG-HA NPs. To
prepare Cy7-functionalized silane, 110 μL of APTES was
reacted with 75 mg Cy7-NHS in 3.75 mL of ethanol at room
temperature for overnight. Then, the resulting solution was
added along with 12.5 mL of PEG-saline to 1 L of the asprepared TaOx NPs dispersion. The mixture was then stirred at
room temperature for another 24 h. The resulting green turbid
solution was evaporated at 60 °C until the solution became
transparent. Then, a mixed solution of 1:1 (v/v) ether/nhexane was added to precipitate the functionalized TaOx NPs
and the precipitates were puriﬁed with ether and dispersed in
water.
The DOX was conjugated onto the surface of the
nanoparticles through glutaraldehyde cross-linking method35
and the formed chemical bond was pH sensitive, which could
be used to control the drug release. The unconjugated DOX
was removed through centrifugation, and the HA-NHS ester
was added to the obtained solution, which was stirred overnight
at 30 °C to conjugate HA onto the residual amino groups on
the surface of the functionalized TaOx NPs. After being washed
several times with hot DI water, the obtained product was
dispersed in phosphate buﬀered saline (PBS) for further use.
Characterization of the Nanoparticles. The size and zeta
potential of the obtained nanoparticles was analyzed using a
Zeta&PLAS dynamic light scattering instrument (Brookhaven,
USA) at a concentration of 1 mg/mL after sonication. Then,
the nanoparticles were further observed by TEM (Tecnai G2 at
200 kV).
The absorption spectra of the nanoparticles were measured
with the Thermo Scientiﬁc Evolution 220 UV−visible
spectrophotometer and the corresponding ﬂuorescence emission spectra of the nanoparticles were acquired with the
Thermo Scientiﬁc Lumina ﬂuorescence spectrometer.
Drug Loading and Encapsulation Eﬃciency. To
calculate the EE of the drug, TaOx@Cy7-DOX were collected
by centrifugation and the unconjugated DOX in the supernatant was quantiﬁed by using the standard curve showing the
relationship between the absorbance at 480 nm and DOX
concentration. The EE of the nanoparticles was calculated
according to the following formula:
EE(%) =

DLC(%) =

We
× 100%
Wn

where We is the weight of DOX conjugated onto the
nanoparticles and Wn is the weight of the obtained nanoparticles.
In Vitro DOX Release. DOX was conjugated onto the
surface of the nanoparticles using the glutaraldehyde crosslinking method so the formed chemical bond was pH-sensitive,
which could be used to control the release of the drug.35 Thus,
the in vitro DOX release proﬁle was investigated in a dialysis
bag (molecular weight cutoﬀ 12 000−14 000 Da), which was
immersed in a 50 mL vial containing 40 mL PBS with diﬀerent
pH values (pH 5.5, 7.4, and 9.0). The vial was placed in a
horizontal shaking incubator at 37 °C. Dialysate (5 mL) was
removed from the vial at regular time intervals, and an equal
volume of fresh PBS with the same pH value was added to the
solution outside of the dialysis bag to maintain the net volume
of the system. The cumulative release rate was calculated as
follows:
n=i

drug release rate(%) =

∑ CiVi + CnV /W × D × 100%
i=1

where Ci and Cn are the drug concentration in released
medium, Vi is the volume of medium removed, V is the total
amount of leaching medium, and W and D are the weight of the
nanoparticles and drug concentration in the nanoparticles,
respectively.
Cellular Uptake and Cell Viability of TaOx@Cy7-DOXPEG-HA NPs. The human breast cancer cell lines, MDA-MB231, which express the CD44 molecule on their surface, were
purchased from American Type Culture Collection (ATCC,
USA). The cell lines were grown as monolayer in 75 cm2
culture ﬂask in DMEM supplemented with 10% (v/v) FBS, 100
U/mL penicillin, and 100 μg/mL streptomycin in a humidiﬁed
atmosphere containing 5% CO2 at 37 °C.
The targeting ability of TaOx@Cy7-PEG-HA NPs was
evaluated using the tumor cell line MDA-MB-231 and the
TaOx@Cy7-PEG NPs were used as control. In typical
procedure, 1.5 × 105 MB-MDA-231 cells per well were
cultured in a 12-well plate and incubated with diﬀerent samples
at various concentrations for diﬀerent time. At the designed
time, the cells were washed three times with cold PBS (pH 7.4)
to rinse any unbound nanoparticles followed by digesting the
cells with 100 μL 0.25% trypsin. After washing with PBS two
times, 500 μL fresh culture medium was added to 104 cells.
Then, 250 μL of 0.5% Triton X-100 in 0.2 mol/L NaOH was
added to lyse the cells. Finally, the ﬂuorescence intensity of
each well was measured by microplate reader (Biotek Synergy
HT, USA) with excitation wavelength at 750 nm and emission
wavelength at 775 nm.
To give direct evidence that the cellular uptake of the
TaOx@Cy7-PEG-HA NPs was concentration-dependent, ﬂuorescence microscopy was used to visualize the cellular uptake of
the nanoparticles by MDA-MB-231 cells. The nuclei of cells
were stained with 4′,6-diamidino-2-phenylindole (DAPI) and
the nanoparticles have ﬂuorescence because of the Cy7
emission. MDA-MB-231 cells were grown on the 6-well plate

W0 − WS
× 100%
W0

where W0 is the initial amount of the DOX and Ws is the
amount of DOX in the supernatant.
To further evaluate the DLC of the TaOx@Cy7-DOX-PEGHA and TaOx-Cy7-DOX-PEG NPs, 10 mg nanoparticles were
dissolved in 10 mL PBS (pH 5.5) and stirred for 3 days at 37
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and after the conﬂuence reached ∼80%, the medium was
replaced with 0.1 mg/mL TaOx@Cy7-PEG-HA NPs and the
cells were incubated for another 4 h. Then, the nanoparticle
suspension was removed and cold PBS was used to wash the
cells three times to remove the free nanoparticles. Subsequently, DAPI was added to stain the nuclei. Finally, the cells
were observed by a ﬂuorescence microscopy equipped with
digital camera (Leica 3000, Germany).
To quantitatively evaluate the cell inhibition eﬃciency of the
nanoparticles, MTT assays were carried out. The assay was
performed in quadruplicate in the following manner and the
experiment was triply replicated. MDA-MB-231 cells were
seeded into a 96-well plate at a density of 1 × 104 cells per well
in 200 μL of medium and incubated at 37 °C for 24 h.
Subsequently, the cells were incubated with various concentrations of free DOX, TaOx@Cy7-DOX-PEG NPs, and TaOx@
Cy7-DOX-PEG-HA NPs with the equivalent concentration of
DOX. After incubation for 4 h, the culture medium containing
drug was replaced with fresh culture medium and the cells were
incubated for another 20, 44, or 68 h, respectively. Following
that, cells were incubated in medium containing 0.5 mg/mL of
MTT for 4 h. Thereafter, MTT solution was cautiously
removed, and precipitated violet crystals produced by viable
cells were dissolved in 150 μL of DMSO. The absorbance of
the solution was measured at 490 nm using a microplate reader
(Biotek Synergy HT, USA).Viability of the cells was measured
by the MTT method with the optical density of the control well
as 100%.
Biodistribution of TaOx@Cy7-DOX-PEG-HA NPs. All the
animal experiments in this manuscript were approved by the
institutional animal care and use committee and carried out
ethically and humanely.
To investigate the biodistribution of the nanoparticles,
tumor-bearing nude mice were injecting intravenously with
free DOX, TaOx@Cy7-DOX-PEG NPs, and TaOx@Cy7DOX-PEG-HA NPs through the tail vein at a DOX dose of
5 mg/kg. Each group contained 20 mice, which were sacriﬁced
at predetermined times following the injection (n = 5), and
then tumors along with heart, liver, spleen, lung, kidney, brain,
intestine, and blood were collected. A tissue homogenizer was
used to homogenize the collected organs in 0.5 mL 0.9% saline
and the tissue homogenates were then extracted with 3 mL
methanol/chloroform mixture (2:1, v/v) using a vortex for 10
min in the dark at room temperature. The extract was
centrifuged for 10 min at 4 °C and 4000 rpm. The subnatant
was collected and evaporated under nitrogen gas. Residues were
dissolved in 0.4 mL acetonitrile/methanol mixture and
centrifuged for 20 min at 15 000g. The DOX content in the
supernatant was detected through high performance liquid
chromatography (HPLC) using a C18-column and HPLC
instruments (1260 Inﬁnity, Agilent Technologies Inc.,
Germany). The mobile phase was acetonitrile−methanol−
water (containing 1.44g SDS and 0.68 mL phosphoric acid in
500 mL DI water) (50:5:40) at a ﬂow rate of 1.0 mL/min. The
DOX was detected at a wavelength of 233 nm. DOX amounts
were normalized to the tissue weight.
X-ray CT and Fluorescence Imaging with TaOx@Cy7DOX-PEG-HA NPs. TaOx@Cy7-DOX-PEG-HA NPs dispersed in 0.9% saline with diﬀerent concentrations (0, 3, 6,
13, 27, and 54 mg/mL) were scanned by an animal CT scanner
developed by Institute of Automation (Chinese Academy of
Sciences) with the following parameters: tube voltage, 40 kV;
current intensity, 0.8 mA; ﬁeld of view, 95 × 75 mm2. The raw

data were reconstructed using 3D-Med software to acquire the
CT images and calculate the houseﬁeld unit (HU) values for
regions of interest.
CT images were acquired prior to injection of TaOx@Cy7DOX-PEG and TaOx@Cy7-DOX-PEG-HA NPs as well as at
appropriate time points after injection through tail vein. Mice
were anesthetized with 2−3% isoﬂurane during the CT
experiments. The injection dose of the nanoparticles was 150
mg/kg. The obtained raw data were reconstructed using 3DMed software to acquire the three-dimensional CT images.
Fluorescence imaging was performed with IVIS Imaging
Spectrum System (PerkinElmer, USA) at an excitation
wavelength of 750 nm and emission wavelength of 775 nm,
and the images were analyzed by IVIS Living Imaging 4.4
software. Mice bearing MDA-MB-231 subcutaneous tumor
were divided into two groups and injected with TaOx@Cy7DOX-PEG NPs and TaOx@Cy7-DOX-PEG-HA NPs at the
same dosage of 150 mg/kg through the tail vein, respectively.
The ﬂuorescence images of the mice were acquired at
predetermined time points.
In Vivo Chemotherapy and Histology Examination.
To evaluate the therapeutic eﬃcacy of the nanoparticles, the
nanoparticles were injected into the BALB/c nude mice bearing
MDA-MB-231 of xenograft tumor through tail vein. The MDAMB-231 tumor model was established by subcutaneous
injection of 2 × 106 MDA-MB-231 cells into the right rump
of BALB/c nude mice. After tumors developed to ∼50 mm3 in
volume, the mice were divided into four groups in a way to
minimize weight and tumor size diﬀerences among the groups.
Then, 100 μL of 0.9% saline, free DOX, TaOx@Cy7-DOXPEG NPs, or TaOx@Cy7-DOX-PEG-HA NPs dissolved in
0.9% saline (the equivalent amount of DOX was 5 mg/kg)
were injected into the mice via tail vein (n = 8 per group). The
therapeutic results of each group were evaluated by measuring
the tumor volumes with the digital calipers every 3 days. The
tumor volume was calculated as the following equation:
tumor volume =

tumor length × tumor width2
2

The relative tumor volume was used to evaluate the therapeutic
eﬃcacy of the nanoparticles.
relative tumor volume(%) =

Vt
× 100%
V0

where Vo is the tumor volume at the beginning of the treatment
and Vt is the tumor volume at day t.
Following the in vivo chemotherapy, animals were sacriﬁced
for histology detection. The normal organs (heart, liver, spleen,
lung, and kidney) and tumor were harvested and ﬁxed in 10%
formalin, embedded in paraﬃn. The sliced tissues were stained
by hematoxylin and eosin (H&E) for microscopic examination
purposes. Images were captured with a digital camera equipped
with the microscopy (Leica 3000, Germany).
Statistical Analysis. Statistical diﬀerences between groups
were tested using one-way analysis of variance (ANOVA).
Statistical signiﬁcance was set in advance to a probability level
of 0.05.
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