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ABSTRACT: ZnO quantum dots (QDs) were synthesized
with polymer shells, coordinated with Gd3+ ions and
adsorbed doxorubicin (DOX) together to form a new
kind of multifunctional ZnO-Gd-DOX nanoplatform. Such
pH sensitive nanoplatforms were shown to release DOX to
cancer cells in vitro and to mouse tumors in vivo, and reveal
better specificity and lower toxicity than free DOX, and even better therapeutic efficacy than an FDA approved commercial
DOX-loading drug DOX-Liposome Injection (DOXIL, NDA#050718). The ZnO-Gd-DOX nanoplatforms exhibited strong
red fluorescence, which benefited the fluorescent imaging on live mice. Due to the special structure of ZnO-Gd-DOX
nanoparticles, such nanoplatforms possessed a high longitudinal relaxivity r1 of 52.5 mM−1 s−1 at 0.55 T, which was
superior to many other Gd3+ based nanoparticles. Thus, both fluorescence labeling and magnetic resonance imaging could
be applied simultaneously on the tumor bearing mice along with drug delivery. After 36 days of treatment on these mice,
ZnO-Gd-DOX nanoparticles greatly inhibited the tumor growth without causing any appreciable abnormality in major
organs. The most important merit of ZnO-Gd-DOX was that such a nanoplatform was biodegraded completely and showed
no toxic side effects after H&E (hematoxylin and eosin) staining of tumor slices and ICP-AES (inductively coupled plasma
atomic emission spectrometry) bioanalyses.
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Cancer is threatening human health dreadfully over the
world.1,2 The current cancer treatments mainly employ
radiotherapy and chemotherapy, which destroy the

normal cells and healthy tissues during treatments and
eventually the immunity of the patients.3,4 New therapeutic
techniques with high specificity are urgently required to release
anticancer agents intelligently to the cancerous cells inside the
complex microenvironment of tumors.5 Meanwhile, the
treatment processes and the therapy effects have become
amenable to be monitored simultaneously by labeling
techniques, such as magnetic resonance imaging (MRI) and
fluorescence imaging.6−8 Among the various intelligent nano-
platforms carrying medicines and labeling agents,9−12 nano-
particles (NPs) have become the most popular candidates
because their sizes, shapes, and surface groups can be precisely
controlled by chemical syntheses. Thus, the drawbacks of the
conventional anticancer drugs concerning water solubility,13,14

targeting capability15,16 and systemic toxicity17,18 have been
overcome. These NPs include metal oxide NPs,19,20 rare earth
NPs,21,22 carbon NPs,23,24 carbon nanotubes,25,26 graphene,27,28

mesoporous silica NPs,29−31 polymer NPs,32,33 etc. Although

the drug delivery systems (DDSs) based on these NPs have
shown promising therapeutic efficacy, most of them are not
biodegradable and many of them cannot be excreted by
animals, which form unexpected potential toxicity chroni-
cally.34−36 Furthermore, for a multifunctional nanoplatform, its
different functions always interfere with each other. For
example, magnetic ions often quench the fluorescence of
quantum dots, and a complex core−shell structure enhances
the stability but renders a low entrapment efficiency and an
even lower release rate of drugs. In fact, it is still a challenge to
prepare multifunctional DDSs with simultaneously high ratios
of drug loading and release, rapid and specific responses toward
the tumor environment, high resolution of imaging in vivo, no
toxic residues, and satisfying cure rates.
ZnO quantum dots (QDs), as a kind of versatile and low cost

material, have gained practical applications in biomedical
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areas.37−41 Since ZnO is listed as a safe substance by the United
States Food and Drug Administration (21CFR182.8991) and it
is stable toward air and sunlight, ZnO nanoparticles are often
added into commercial sunscreen cream for absorbing UV light.
ZnO-based antimicrobial agents are also applied for skin
protection commercially, especially in baby diapers and
children dermatitis treatment. In previous reports, fluorescent
probes based on ZnO QDs exhibited tunable photolumines-
cence (PL), high photostability and low toxicity both in
vitro38,42 and in vivo.43−45 With respect to drug delivery, our
research group employed ZnO QDs to carry anticancer drugs,
and the obtained DDS showed high drug loading and release
ratios, instant pH response and complete biodegradation in the
lysosomes of brain cells.16 In the latest achievements by Kim et
al.46 and Zhang et al.,47 ZnO-based core−shell NPs were
successfully applied to deliver drugs to mice in vivo, but the
biodegradation or excretion of those large NPs remained
troublesome. Moreover, the Fe3O4 component rendered ZnO
fluorescence very weak,46 and the Gd3+ ions encapsulated in the
complex core−shell nanoparticles47 exhibited a longitudinal
relaxivity r1 of only 4.78 mM−1 s−1.
Herein, we introduce an intelligent biodegradable DDS

composed of ZnO QDs, Gd3+ ions, and doxorubicin (DOX).
This ZnO-Gd-DOX nanoplatform possesses excellent water
solubility, biocompatibility, and pH sensitivity and can release
DOX sustainably into the acid environment of tumors. It is also
a bifunctional probe for both fluorescent imaging and MRI. On
one hand, the strong red emission of ZnO-Gd-DOX in the
range of 600−800 nm makes it suitable for animal imaging, thus
overcoming the limitation of ZnO visible emission which needs
UV irradiation and only varies from blue to yellow. On the
other hand, Gd3+ ions are fixed stably on the ZnO surface
through proper coordination with the carboxyl groups. Such a
structure ensures plenty of water molecules surrounding Gd3+

ions and renders a longitudinal relaxivity r1 of 52.5 mM−1 s−1,
which is much higher than that of the clinical Gd-DTPA agent.
Human pancreatic cancer (BxPC-3) tumor-bearing mice were
injected with such ZnO-Gd-DOX solution, and monitored by
both fluorescent imaging and MRI clearly. After circulation, the
ZnO-Gd-DOX NPs were totally biodegraded and most of Zn2+

and Gd3+ ions were excreted from the mice body. In
comparison with both free DOX and an FDA approved
commercial DOX-loading drug DOX-Liposome Injection
(DOXIL, NDA#050718), our ZnO-Gd-DOX NPs exhibited
both better chemotherapy efficacy and lower toxicity, as will be
demonstrated in detail below.

RESULTS AND DISCUSSION
Synthesis and Characterization of ZnO-Gd-DOX NPs.

Highly luminescent water-soluble ZnO@polymer core−shell
QDs were prepared by a two-step copolymerization method,42

in which the synthetic conditions were adjusted critically to
obtain excess carboxyl groups on ZnO surfaces. Afterward,
Gd3+ ions were introduced onto ZnO surfaces through
coordination with the carboxyl groups. Since the as-prepared
ZnO QDs surfaces are negatively charged on their surfaces,
they can adsorb positive DOX by both the strong electrostatic
interactions and the coordination effects,48 as proved by zeta
potential measurements (Figure S1). Both the dynamic light
scattering (DLS) data (Figure S2) and transmission electron
microscopy (TEM) images (Figure 1) confirm that the final
ZnO-Gd-DOX NPs are uniform and monodispersed stably in
water. The ZnO particle size in TEM images looks smaller than

that in DLS data because the DLS results include the polymer
shells, DOX, and the surrounding water molecules. The
averaged distance between the ZnO lattices is about 0.25 nm,
corresponding to the (101) planar spacing of the wurzite
structure,39 in accord with the X-ray diffraction patterns (Figure
S3), indicating that Gd3+ incorporation has no influence on the
ZnO lattice.49 In addition, the ICP-AES (inductively coupled
plasma atomic emission spectroscopy) measurement reveals the
Gd/Zn molar ratio of 0.17 in the whole ZnO-Gd NPs, and the
energy dispersive spectroscopy (EDS) of the ZnO-Gd NPs
confirms the location of Gd3+ ions (Figure S4) on ZnO
surfaces. The weight percentages of polymer, ZnO, Gd, and
DOX in ZnO-Gd-DOX were measured to be 65.0%, 13.4%,
4.4%, and 17.2%, respectively.

Optical and Magnetic Resonance Contrast Properties
of ZnO-Gd-DOX NPs. In Figure 2A, ZnO-Gd NPs exhibit the
UV absorption due to the ZnO band gap transition and the
typical green fluorescence related with ZnO defects.39 These
optical features change dramatically after DOX loading. The

Figure 1. (A) TEM image and (inset) size distribution of ZnO-Gd
NPs. (B) TEM image and (inset) HRTEM of ZnO-Gd-DOX NPs.

Figure 2. Top: photos of (A) ZnO-Gd, (B) ZnO-Gd-DOX, (C)
ZnO-Gd-DOX decomposed at pH 5.0, and (D) free DOX, in
daylight (left), under UV light (middle), and their T1-weighted MR
images (right), respectively. Bottom: UV−vis absorption (blue), PL
excitation (black), and PL emission (red) spectra of these samples.
Both samples A and B are excited at 340 nm with a 399 nm optical
filter, while samples C and D are excited at 500 nm.
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ZnO-Gd-DOX has purple color in daylight because the
coordination between ZnO and DOX causes a red shift of
the DOX absorption. However, the red emission under UV
light is amazing and quite different from that of ZnO@
polymer-DOX in our previous work,16 because it is never a
simple overlap of ZnO emission and DOX emission. In ZnO-
Gd-DOX, the main emission peak of DOX redshifts from 595
to 625 nm and the whole PL emission intensity within 600−
800 nm is greatly enhanced. The red fluorescence is suggested
to arise from DOX, but without ZnO, the sample only shows
typical free DOX spectra like Figure 2D. Such unique PL
features of ZnO-Gd-DOX may be attributed to the fluorescence
resonance energy transfer (FRET) from ZnO to DOX, and the
complex interactions between ZnO, Gd3+, and DOX. After
decomposition at pH 5.0, the sample in Figure 2C exhibits the
same optical features as free DOX in Figure 2D, indicating that
DOX molecules are released without any change. Figure S5
illustrates that more than 90% of the DOX molecules are
released within 10 h under this condition, just like in the acid
environment of tumors. Under a 0.55 T MRI system, the
longitudinal relaxivity r1 and the transverse relaxivity r2 of ZnO-
Gd were determined to be 49.5 and 63.0 mM−1 s−1,
respectively,50 while those of ZnO-Gd-DOX were even larger
(52.5 and 66.5 mM−1 s−1 for r1 and r2). For comparison, the
commercial Gd-DTPA shows much smaller relaxivities (3.7 and
4.2 mM−1 s−1 for r1 and r2) at the same conditions (Figure 3A).
Figure 3B shows that r1 of ZnO-Gd and ZnO-Gd-DOX
remained stable within 15 days, so there were neither leached
Gd3+ ions51 nor NPs aggregation.34

Figure 3C compares the T1-weighted MRI of the samples
with the same Gd3+ concentrations. ZnO-Gd and ZnO-Gd-
DOX induce a much more significant T1 signal enhancement
than Gd-DTPA and GdCl3. Among those reported Gd3+ based
agents in Tables S1 and S2, our products possess outstanding
relaxivities due to their structural merits. First, in comparison

with the Gd3+−ligand complexes, the attachment of Gd3+ ions
onto ZnO NPs increases the hydrodynamic radius and thus
improves r values due to the Debye-Stokes equation.51 Second,
the relaxivity of Gd3+ ions is basically proportional to the
relaxation of the neighboring water molecules which are
coordinated directly with the Gd3+ ions.52 Since Gd3+ ions
are attached on ZnO surfaces, a large amount of water
molecules are surrounding Gd3+ ions in aqueous solutions, and
thus, ZnO-Gd NPs exhibit much higher relaxivities than those
core−shell NPs in which Gd3+ ions are confined in the solid
cores.47 Third, the payload of Gd3+ ions on each particle
determines the total relaxivity of the contrast agent. Although
our ZnO QDs are only 3 nm in diameter, there are on average
148 Gd3+ ions coating on each ZnO particle, and such a
payload per unit area is much larger than those of many other
NP−Gd3+ composites.53

Confocal Fluorescence Imaging and Magnetic Reso-
nance Imaging. ZnO-Gd-DOX NPs were injected to the
tumors of mice and emitted strong red fluorescence (Figure
4A−C), which is superior over many other ZnO-based

fluorescence probes because the typical fluorescence of ZnO
nanoparticles can only be tuned from blue to yellow.37 For
three-dimensional location of the tumor with an anatomical
resolution, the mice were tested by the T1-weighted MRI
technique, and the section in Figure 4E was significantly
brightened by the contrast agent, with its intensity about 4
times higher than that of the tumor injected by physiological
saline (Figure 4D). The combination of such two types of
imaging abilities endows ZnO-Gd-DOX with potential
application in the imaging guided therapy.

Therapy and Toxicity to Mice. BxPC-3 tumor-bearing
nude mice were injected with different agents to study
chemotherapy efficacy. Figure 5A showed that the tumors
receiving physiological saline grew rapidly and the commercial
DOXIL could suppress tumor growth, but both DOX and
ZnO-Gd-DOX performed much better than DOXIL. Figure 5B

Figure 3. (A) The longitudinal relaxation curves of ZnO-Gd-DOX,
ZnO-Gd, Gd-DTPA, and GdCl3 at 0.55 T. (B) Evolution of r1
values of ZnO-Gd-DOX and ZnO-Gd aqueous solutions in 15 days.
(C) T1-weighted MRI at various Gd3+ concentrations of the above
samples and pure water at 0.55 T.

Figure 4. In vivo fluorescent images of BxPC-3 tumor-bearing nude
mice under (A) bright field and (B) laser irradiation after
intratumor injection of ZnO-Gd-DOX (100 μL, 2 mg/mL). (C)
Overlay of (A) and (B). The T1-weighted images of the same mice
(D) before injection and (E) 2 h after intratumor injection of ZnO-
Gd-DOX.
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compares the body weight evolution of these mice. Although
both the control and the ZnO-Gd-DOX treated mice kept
growing simultaneously, the weight improvement of the control
was mainly caused by the tumor growth (Figure 5E). In
contrast, the weight decrease of the free DOX treated mice
indicated strong toxic side effects of the free DOX. H&E
(hematoxylin and eosin) staining of tumor slices (Figure 5F)
showed that the cells in the control retained their normal
membrane and nuclear structures, and the cells treated by DOX
or DOXIL were damaged partly, while almost all cells were
severely destroyed after ZnO-Gd-DOX treatment. In general,
the chemotherapy results in Figure 5 confirmed that ZnO-Gd-
DOX NPs performed better than the other agents.
Besides the tumors, all of the major organs of mice were also

studied by the histological examinations by H&E staining, and
the results revealed no damage or inflammatory lesion (Figure
S8). Furthermore, the distributions of Zn2+ and Gd3+ ions in
heart, liver, spleen, lung, kidney, and tumor were analyzed by
ICP-AES measurement. The results showed no Gd3+ ions were
detected in the saline treated mice, but their all organs could
enrich Zn2+ ions, especially the liver (Figure 5C). In contrast,
there were more Zn2+ ions in the liver of the mice injected with
ZnO-Gd-DOX NPs, while Gd3+ ions mainly located in the
tumor (Figure 5D). The contrast between Figure 5C and 5D
clearly shows most of the Zn2+ and Gd3+ ions from ZnO-Gd-
DOX were excreted by mice after 36 days. Therefore, the toxic
side effects from Zn2+ and Gd3+ ions were negligible. In
addition, the HPLC analyses of leftover DOX showed that the
average DOX concentration in the livers receiving DOXIL was
42.43 ng/g, much higher than that of the livers receiving ZnO-
Gd-DOX (16.06 ng/g). All results proved that ZnO-Gd-DOX
NPs had almost no toxic side effects to mice, and they were
biodegraded and excreted finally.

To determine whether the therapy effects of ZnO-Gd-DOX
NPs result from the ZnO or Gd component, the cytotoxicities
of DOX, ZnO-Gd, and ZnO-Gd-DOX were evaluated by the
conventional MTT assays after incubation with BxPC-3 cells
for 24 h, respectively. The results confirmed that ZnO-Gd NPs
were nontoxic even when the Zn2+ ions concentration was as
high as 8 μg/mL, while both ZnO-Gd-DOX NPs and DOX
were vital to BxPC-3 cells when the corresponding DOX
concentrations were only 4 μg/mL (Figure S9). ZnO-Gd NPs
were also injected into the tumors of BxPC-3 tumor-bearing
nude mice every 2 days and monitored closely for 36 days.
Figure S10 shows that the tumors receiving ZnO-Gd grew
rapidly, which was nearly the same as for the tumors receiving
physiological saline, and thus, the tumor growth was affected by
neither ZnO QDs nor Gd3+ ions. Moreover, both the ZnO-Gd
treated mice and the control group showed a similar body
weight evolution, indicating that the repeated intratumor
injections did no harm to mice. The ZnO-Gd treated mice
were also sacrificed to study the H&E staining slices of the
tumor and the major organs (Figure S11). Only few of the
tumor cells were damaged by ZnO-Gd NPs and no damage or
inflammatory lesion was observed in all major organs.
Therefore, the therapy effects of ZnO-Gd-DOX NPs both in
vitro and in vivo were mainly from DOX, but much better than
those from free DOX alone.

CONCLUSIONS

In summary, a multifunctional ZnO-Gd-DOX nanoplatform for
diagnosis and treatment on mice tumors in vivo has been
developed with at least five advantages. First, ZnO QDs as the
cores of such a nanoplatform can be biodegraded completely in
the acidic environment of tumors and their excellent pH
responsiveness ensures the specificity of drug delivery to cancer
cells. Second, the polymer shells kept ZnO QDs dispersed

Figure 5. (A) The tumor volume growth V versus the initial volume V0 under different treatments. (B) Body weight changes of mice during
parallel treatments, in which the dosages of free DOX and ZnO-Gd-DOX are the same 2 mg/kg of DOX in each injection. Quantitative
analyses of Zn and Gd content in major organs collected from the mice treated with (C) saline and (D) ZnO-Gd-DOX NPs after 36 days. (E)
Images of BxPC-3 tumor-bearing nude mice after 18 and 36 days under different treatments. (F) H&E staining of tumor slices after 36 days of
treatments by different agents.
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stably in aqueous solutions on one hand, and on the other, their
excess carboxyl groups coordinated with many Gd3+ ions, which
rendered an outstanding relaxivity for MRI. Third, the
combination of highly luminescent ZnO QDs and DOX
produces strong fluorescence in the range of 600−800 nm,
which benefits the fluorescence imaging in vivo. Fourth, ZnO-
Gd-DOX NPs showed better therapeutic efficacy than DOX
and DOXIL, which can be ascribed to the specificity of such a
nanoplatform toward tumors. Finally, ZnO-Gd-DOX NPs had
no detectable toxic side effects to mice, and the whole NPs
could be biodegraded and excreted from the mice body. All
these merits are based on the carefully selected composition
and the well-designed structure of such unique nanoplatform,
which promises a bright future of ZnO NPs based platforms for
chemotherapy.

MATERIALS AND METHODS
Syntheses and Characterizations of ZnO-Gd and ZnO-Gd-

DOX NPs. The method of synthesizing ZnO@polymer core−shell
QDs was modified on the basis of our previous route.42 Briefly, 2.33 g
of zinc methacrylate was dissolved in 100 mL of ethanol at 80 °C, and
then the solution was cooled to room temperature. Then, 0.13 g of 2,
2′-azobis(isobutyronitrile) (AIBN) and 15 mL of poly(ethylene
glycol) methyl ether methacrylate were added into the solution, and
the mixture was heated to 72 °C for 15 min. Afterward, 100 mL of
0.14 M LiOH ethanol solution was added into the reaction solution,
followed by addition of another 0.13 g of AIBN. After a reflux period
of 1 h, the solution was cooled and dialyzed against deionized water for
3 days. The concentrations of all NP samples were measured by freeze-
drying the solutions and weighting the solid products.
The ZnO-Gd NPs were obtained by mixing 10 mL of ZnO@

polymer QDs aqueous solution (0.94 mg/mL) with 2.35 mL of GdCl3
aqueous solution (10 mM). The solution was stirred for 12 h and
dialyzed against sodium citrate aqueous solution (1 mM) for 4 h and
finally against deionized water for 2 days. The ZnO-Gd-DOX NPs
were prepared by mixing 20 mL of ZnO-Gd NPs aqueous solution
(0.48 mg/mL) with 2 mL of DOX aqueous solution (3.0 mg/mL).
The solution was stirred for 12 h and then dialyzed against deionized
water for 2 days.
The PL spectra were measured by a Horiba JobinYvon fluoromax-4

spectrofluorometer equipped with an F-3018 quantum yield accessory
including an integrating sphere. The UV−vis absorption data were
recorded by a Unico 2802 UV−vis spectrometer. Transmission
electron microscope (TEM) images were obtained using a JEM-2010
transmission electron microscope operating at 200 kV. Dynamic light
scattering (DLS) spectra and zeta potentials were measured on a
Malvern ZS-90 Zetasizer. The relaxation times at low field strength of
0.55 T were measured on a MicroMRI instrument (Shanghai Niumag
Corp.). T1 measurements were performed by using an inversion
recovery sequence with various inversion times, T2 variation was
determined by using the Carr−Purcell−Meiboom−Gill pulse
sequence, and T1-weighted MRI of the samples was obtained by the
spin echo sequence.
The contrast abilities of the samples were evaluated by measuring

the longitudinal relaxation rate (1/T1) and the transverse relaxation
rate (1/T2) with various Gd3+ ion concentrations with a 0.55 T MRI
system. The relaxivity (ri, i = 1, 2) of the contrast agents were
calculated according to the eq (1/Ti)obs = (1/Ti)dis + ri [M] (i = 1, 2),
where (1/Ti)obs and (1/Ti)dis represent the observed solvent relaxation
rate and the intrinsic diamagnetic solvent relaxation rate, respectively,
and [M] is the Gd3+ ion concentration. It is known that the r value is
proportional to the tumbling time τR, which can be enhanced by
increasing the molecular size of the contrast agent. According to the
Debye-Stokes equation τR = 4πηR3/3kBT, where the dynamic viscosity
η is 10−3 Pa·s, kB is 4 × 10−21 J, R is the hydrodynamic radius of NPs,
and T is 298 K, the tumbling time τR of ZnO-Gd-DOX NPs is
calculated to be 1.5 × 10−9 s, which is ideal for obtaining suitable
relaxivity at clinical magnetic field strengths. In addition, loading DOX

renders R to increase for the NPs (Figure S2), while τR is proportional
to R3, and thus, r values of ZnO-Gd-DOX are larger than those of
ZnO-Gd. The ratio of r2/r1 is a main parameter for MRI contrast
agents, which means that the agents are suitable for T1 or T2
enhancement. For both ZnO-Gd and ZnO-Gd-DOX NPs, the r2/r1
values are 1.27 and 1.26, respectively, indicating they are T1 (positive)
MRI contrast agents. It should be mentioned that R values for those
complexes are usually in the picosecond regime, e.g. 7 × 10−11 s for the
clinical Gd-DTPA.

DOX Release. To study the DOX release in acetate buffer solution,
30 mg of ZnO-Gd-DOX NPs was dissolved in 3 mL of three kinds of
buffer solutions (pH 5.0, 6.0, and 7.0), respectively. Then, it was sealed
in a dialysis bag (molecular weight cutoff = 8000) and dialyzed against
20 mL of the corresponding buffer solution. During dialysis for 2 days,
the outside buffer solution was exchanged by 20 mL of new buffer
solution at different time intervals. The released DOX in the buffer
solution was collected and its concentration was analyzed by UV−vis
spectroscopy according to the typical DOX absorption at 480 nm. The
amount of released DOX at different time intervals was normalized to
the total amount accumulated in the buffer solutions.

MTT Assay of Cell Viability and Cell Imaging. All cell culture
processes in this research were carried out with 5% CO2 at 37 °C.
BxPC-3 cells were seeded at 5 × 103 cells per well into a 96-well cell
culture plate in DMEM (Dulbecco’s modified Eagle medium) with
10% FBS (fetal bovine serum) for 24 h. Then, the culture medium was
changed to be the culture medium containing DOX or NPs with
various concentrations for another 24 h. Afterward, cells were
incubated with 100 μL of new culture medium and 20 μL of MTT
(thiazolyl blue tetrazolium bromide, 5 mg/mL in PBS) for 4 h. After
the medium was removed, formazan crystals were dissolved with
dimethyl sulfoxide (DMSO) for 10 min, and the absorbance of MTT
at 492 nm was measured by an automatic scanning multiwall
spectrometer (SPR-960, Sunostik).

BxPC-3 cells were seeded in glass dishes containing DMEM with
10% FBS for 24 h, and then cultured with ZnO-Gd-DOX NPs at a
DOX concentration of 1 μg/mL for 1.5 h. After a wash with PBS
(phosphate buffered saline) twice, the sample was embedded in
DMEM solution for taking fluorescence images by a Leica TCS SP8
STED microscope with a 63×IMM objective (oil immersion) lens.
The samples were excited by a laser of 488 nm and the emission
spectra were collected within 570−620 nm.

Animal Experiments. BxPC-3 tumor-bearing nude mice were
purchased from Shanghai SLAC Laboratory Animal Co., Ltd. Animal
care and handing procedures were in agreement with the guidelines
evaluated and approved by the ethics committee of Fudan University.
The in vivo therapeutic efficacy of ZnO-Gd-DOX NPs was also
investigated with BxPC-3 tumor-bearing nude mice. After the tumor
sizes reached approximately 50 mm3, the mice were divided into the
following five groups for intratumor injections with different agents
every 2 days: (1) saline; (2) ZnO-Gd-DOX NPs, each dosage of DOX
is 2 mg/kg; (3) commercial DOXIL, each dosage of DOX is 2 mg/kg;
(4) 2 mg/kg of free DOX; (5) ZnO-Gd NPs, each dosage of Zn2+ ions
is 1.25 mg/kg, the same Zn2+ concentration as that in (2) ZnO-Gd-
DOX NPs. Tumor sizes and body weights were monitored every 3
days within 36 days. The length and width of the tumors were
measured by a digital caliper. The tumor volume was calculated
according to the following formula: width2 × length/2.

A BxPC-3 tumor-bearing nude mouse was anesthetized using 100
μL of 5% chloral hydrate. MRI was conducted on a Siemens TrioTim
3T MRI scanner, using a 3D-FLASH. The mice were scanned before
and after the injection of contrast agent. Then, 200 μL of ZnO-Gd-
DOX NPs saline solution was injected into the tumor, and the dose
was calculated to be 0.02 mmol Gd kg−1. Fluorescence imaging was
carried out on a Bruker in vivo FX PRO imaging system.

ICP-AES and Histology Analyses. To investigate the agent
distribution in the organs, mice were sacrificed for careful necropsy
after 36 days of treatment. The heart, liver, spleen, lung, tumor and
kidneys were resected, rinsed with sterile physiological saline, and then
blotted dry with filter paper. Afterward, the samples were freeze-dried
at −80 °C for 24 h and then digested by aqua regia (5 mL for each
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organ) at room temperature for 48 h. Zn and Gd content in the organs
was determined by ICP-AES. For histopathological tests, the tissue
samples were embedded in paraffin blocks, sectioned into 5 μm slices,
and mounted onto the glass slides. After H&E staining, the sections
were examined by an Olympus BX51 microscope.
HPLC Analyses. DOX concentration in livers was determined by

High Performance Liquid Chromatography (HPLC). In brief, livers
were homogenized with 2 mL of methanol using a high-speed tissue
homogenizer in ice bath. Then, 50 μL of methanol and 50 μL (10 μg/
mL) of daunorubicin (internal standard) were added in 1 mL of tissue
homogenate. Three milliliters of the chloroform/methanol (volume
ratio 4:1) mixture was used for extraction. After that the mixture was
centrifuged for 10 min. The lower layer of organic phase was drained
quantitatively and dried at 26 °C under nitrogen. The residue was
dissolved in 60 μL of methanol. Finally, 50 μL of the sample was
injected into HPLC system. The standard and control samples of the
tissues for the drug analyses were prepared in the same manner. The
mobile phase in HPLC consisted of acetonitrile and methanol, and the
flow rate was kept at 1 mL/min. The effluent was excited at 480 nm.
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