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a b s t r a c t

Radiolabeled nanoprobes for positron emission tomography (PET) imaging has received special attention
over the past decade, allowing for sensitive, non-invasive, and quantitative detection of different dis-
eases. The rapidly renal clearable nanomaterials normally suffer from a low accumulation in the tumor
through the enhanced permeability and retention (EPR) effect due to the rapidly reduced concentration
in the blood circulation after renal clearance. It is highly important to design radiolabeled nanomaterials
which can meet the balance between the rapid renal clearance and strong EPR effect within a suitable
timescale. Herein, renal clearable polyoxometalate (POM) clusters of ultra-small size (~1 nm in diameter)
were readily radiolabeled with the oxophilic 89Zr to obtain 89Zr-POM clusters, which may allow for
efficient staging of kidney dysfunction in a murine model of unilateral ureteral obstruction (UUO).
Furthermore, the as-synthesized clusters can accumulate in the tumor through EPR effect and self-
assemble into larger nanostructures in the acidic tumor microenvironment for enhanced tumor accu-
mulation, offering an excellent balance between renal clearance and EPR effect.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Positron emission tomography (PET) imaging is routinely used
tools in the clinic for noninvasive imaging due to its high sensitivity,
unlimited tissue penetration, and quantitative detection [1e5].
Consequently, considerable attention has been paid to the devel-
opment of radiolabeled nanoprobes for whole body imaging, in vivo
pharmacokinetic studies, and nanooncology applications [6e8].
Throughout the past decade, various radiolabeled nanomaterials,
including gold nanoparticles (NPs, labeled with 68Ga/64Cu) [9e13],
silica NPs (labeled with 18F/64Cu/89Zr) [14e18], iron oxide NPs
(labeled with 64Cu/72As/69Ge) [19e25], 18F-labeled upconversion
NPs [26e28], 64Cu-labeled organic NPs [29,30], transition metal
y, University of Wisconsin-
sulfides [31e33], and nanographene [34], have shown great po-
tential for in vivo PET imaging. However, most of these radiolabeled
nanoprobes face major challenges for clinical translation because of
difficulties in large-scale synthesis, poor targeting performance to
specific diseases (such as cancer), and high accumulation in retic-
uloendothelial system (RES) organs (e.g., liver and spleen). For
example, a considerable portion of NPs was captured by the liver as
discovered by PET imaging after intravenous injection of 89Zr-silica
or 64Cu-porphysomes NPs [16,29]. The accumulation of 64CuAuNPs
in the spleen was even higher than 200 %ID/g at 24 h postinjection
(p.i.) [10]. In addition, these radiolabeled nanoprobes were mainly
cleared out through the hepatobiliary route over a long time (more
than amonth in some cases), which greatly hindered their potential
for clinical translation.

For most clinical imaging agents, renal clearance is desirable
which can avoid toxicity caused by extended retention time in vivo.
Since the pioneering work on renal clearable quantum dots [35],
fabrication of radiolabeled nanoprobes with renal clearance
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provides an alternative for not only cancer diagnosis but also kid-
ney disease assessment with PET imaging. Almost 10% of all adults
are subjected to a variety of kidney diseases, which is difficult to
detect with the current diagnostic techniques at an early stage but
could cause kidney failure later on [36]. Renal clearable radio-
labeled nanomaterials may allow for noninvasive staging of kidney
dysfunction, which is highly desirable to deepen our fundamental
understanding of the kidney disease progression [37]. However, the
rapidly renal clearable nanomaterials normally suffer from a low
accumulation and a short retention time in the target sites (such as
the tumor) [38]. Thus, it is very beneficial to design radiolabeled
nanoprobes which can balance the imaging requirement and renal
clearance within a suitable timescale.

Herein, renal clearable Mo-based polyoxometalate (POM) clus-
ters were synthesized by an easy, large-scale, and low-cost method,
which were ionic compounds that consisted of cations (Naþ and
NH4þ) and macroanionic units (PMo12O40

n�) [39]. An oxophilic
radioisotope, 89Zr (t1/2: 3.3 days), was conveniently labeled to the
oxygen-rich POM cluster to obtain 89Zr-POM without additional
chelators such as desferrioxamine (DFO) [15]. The extended blood
circulation of 89Zr-POM clusters (a distribution half-life of 9.86min
and a blood elimination half-life of 9.57 h) is highly beneficial for
in vivo PET imaging, improving passive accumulation and pro-
longing retention time at the target sites. The 89Zr-POM clusters,
mainly excreted through the renal system, can be successfully
applied for noninvasive staging of kidney dysfunction via dynamic
PET imaging, which was confirmed on a well-established preclini-
cal murine model of unilateral ureteral obstruction (UUO). More-
over, the as-synthesized clusters can accumulate in the tumor
through enhanced permeability and retention (EPR) effect and self-
assemble into larger nanostructures in the acidic tumor microen-
vironment for enhanced tumor accumulation and extended
retention. The long circulation time, as well as the pH-driven self-
assembly strategy, endows these radiolabeled clusters with an
excellent EPR effect, obtaining the optimal balance of renal clear-
ance and EPR effect or imaging applications.

2. Experimental section

Hexaammonium molybdate tetrahydrate
((NH4)6Mo7O24$4H2O), sodium dihydrogen phosphate (NaH2PO4),
and L-ascorbic acid were purchased from Sigma-Aldrich. All re-
agents were of analytical grade and used without any purification.

2.1. Synthesis of POM clusters

A facile one-pot approach as we reported previously was used to
synthesize the POM clusters [39]. First, 2mmol of
(NH4)6Mo7O24$4H2Owas dissolved in ultrapurewater (10mL) with
continuous stirring at 25 �C. A 5mL solution of 1.17mmol of
NaH2PO4 was then rapidly added. Subsequently, another 2mL so-
lution of saturated L-ascorbic acid (in ultrapure water) was added
dropwise into the system under stirring. After further stirring for
15min, the resulting POM clusters were precipitated by adding
80mL of ethanol, collected by centrifugation, washed with water
and ethanol three times, and finally dispersed in water or
phosphate-buffered saline (PBS) for further use.

2.2. 89Zr-labeling and serum stability studies

Briefly, for 89Zr-labeling, 100 mL of POM clusters dispersed in 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer
was directly mixed with 1mCi (or 37 MBq) of 89Zr-oxalate at 37 �C.
The final pH value of the mixture was adjusted to 7e8 with 1M
Na2CO3. After shaking for 2 h, 89Zr-POM was precipitated from the
solvent by adding ethanol and collected by centrifugation and
finally dispersed in PBS for in vivo application. 89Zr labeling yield
was monitored and quantified by using thin layer chromatography
(TLC), which acquired at 37 �C using PBS (pH¼ 5) as the developing
solvent. Free 89Zr(IV) was used as a control. 89Zr-POM will move
front with the developing solvent while the free 89Zr(IV) will
remain at the origin at such low pH without chelating with ethyl-
enediaminetetraacetic acid (EDTA).

For stability studies, 89Zr-POM was incubated in PBS with
different pH value (pH¼ 5, 6.5, and 7.4) at 37 �C for up to 24 h (the
time period investigated for PET imaging). The mixture were
sampled at different time points and precipitated from the solvent
by adding 1mL of ethanol. The centrifugate was collected, and the
radioactivity was measured by a gamma counter (PerkinElmer).
The percentages of intact 89Zr on the 89Zr-POM clusters were
calculated using the equation (radioactivity of centrifugates/total
radioactivity� 100%.).

To further confirmed the stability, the stability of, 89Zr-POMwas
incubated in PBS with different pH value (pH¼ 5, 6.5, and 7.4) for
48 h was also measured by the thin layer chromatography (TLC),
which acquired at 37 �C using PBS (pH¼ 5) as the developing sol-
vent. Free 89Zr(IV) was used as a control.

2.3. UUO model

The murine model of unilateral ureteral obstruction (UUO), a
well-established preclinical model for kidney dysfunction, was
established according to the literature [40]. UUO mice were ach-
ieved by complete ligation of the left ureter near the renal pelvis
while the right ureter was kept intact. UUO mice at 2 days post-
obstruction were used as the early stage while the UUO mice at
21 days post-obstruction were applied to the end stage.

In vivo dynamic PET imaging: For dynamic scanning of healthy
mice, a group of healthy mice (n¼ 4) was injected with 150 mL
(~115 mCi or 4.255MBq) of 89Zr-POM in PBS. A 30min dynamic scan
was performed by using a microPET/CT Inveon small animal scan-
ner (Siemens Medical Solutions USA, Inc.). Image reconstruction
and ROI analysis of the PET data were conducted using vendor
software (Inveon Research Workplace [IRW]) on decay-corrected
whole-body images.

For dynamic scanning of UUO mice, a group of UUO mice was
injected with 150 mL (~70 mCi or 2.59 MBq) of 89Zr-POM in PBS. A
30min dynamic scan was performed by using a microPET/CT
Inveon small animal scanner (Siemens Medical Solutions USA, Inc.).
The dynamic quantitative uptake of the left kidney (UUO) and right
kidney (normal) within 30min was used to evaluate kidney func-
tion through ROI analysis using vendor software (Inveon Research
Workplace [IRW]) on decay-corrected whole-body images.

In vivo PET imaging of 4T1 tumor-bearing mice: 4T1 tumor-
bearing BALB/c mice were established and used for in vivo PET
imaging: 4T1 cells (106 in 100 mL PBS) were subcutaneously injec-
ted into the right front flank of BALB/c mice to establish the 4T1
tumor model. Hematoxylin-eosin (H&E) staining was performed
after treatments to validate the establishment of the model.

The tumor-bearing mice were anesthetized, and 150 mL
(~140 mCi or 5.18 MBq) of 89Zr-POM in PBS was intravenously
injected into 4T1 tumor-bearing mice (n¼ 3). PET scans at various
time point postinjection were performed by using a microPET/CT
Inveon small animal scanner (Siemens Medical Solutions USA, Inc.).
ROI analysis of each PET scan was performed to calculate the per-
centage of injected dose per gram of tissue (%ID/g) values in mouse
organs and tumor, using vendor software (Inveon Research Work-
place [IRW]) on decay-corrected whole-body images.

Biodistribution analysis was carried out to confirm the quanti-
tative uptake obtained through PET imaging. After the last in vivo
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PET imaging at 24 h p.i., all major tissues and organs were collected
and wet-weighed. The radioactivity in each tissue and organ was
measured using a gamma counter and calculated as %ID/g.

2.4. In vivo photothermal imaging of POM clusters

The photothermal properties of the clusters were firstly evalu-
ated. The POM (100 ppm Mo) was illuminated by an 808 nm laser
for 5min (0.8 and 1.5W/cm2) and the pure water solutionwas used
as a control. The temperature change was monitored by an FLIR™
E50 camera.

For in vivo photothermal imaging, the tumor-bearing mice were
exposed to 808 nm laser with an output power density of 1.5W/
cm2 for 5min at 6 h after intravenous injection of POM (35mg Mo/
kg). Tumor temperature and thermal images were visualized and
recorded using the FLIR™ E50 camera.

2.5. Cell culture and cytotoxicity assessment

Murine breast cancer 4T1 cells was cultured at 37 �C andwith 5%
CO2 in Roswell Park Memorial Institute medium (RPMI) 1640
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin. Human embryonic kidney 293 (HEK293) cells were
cultured at 37 �Cwith 5% CO2 in Dulbecco's Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin. Cells were seeded into a 96-well cell cul-
ture plate at 106/well and then incubated for 24 h at 37 �C under 5%
CO2. Culture media solutions of POM with different concentrations
(0, 50, 100, 250, and 500 mg of Mo per mL) were added to the wells.
The cells were then incubated for 24 h at 37 �C under 5% CO2, and
the cell viability was measured by MTT assay.

2.6. Histological assessment

The in vivo biocompatibility of POM clusters was evaluated using
standard H&E staining. BALB/c mice were euthanized at 1 day and
30 days post intravenous injection of POM (70mg Mo/kg in saline).
Tissues were H&E-stained to monitor the histological changes in
the heart, liver, spleen, lung and kidney of mice. The histological
sections were observed under an inverted optical microscope
(Nikon, Eclipse Ti-U, Japan).

2.7. Statistical analysis

Statistical comparisons were performed by using a Student's
two-tailed t-test. Quantitative datawere expressed asmean ± s.d, *:
P < 0.05; **: P < 0.01; ***: P < 0.001.

2.8. Characterization

Transmission electron microscopy images were acquired on an
FEI T12 microscope with an accelerating voltage of 120 kV. UVevis
spectra were recorded on Agilent Cary 60 spectrophotometer. Dy-
namic light scattering (DLS) measurements were conducted on
Nano-Zetesizer (Malvern Instruments Ltd). The elemental concen-
trations (i.e. Mo) were measured with inductively coupled plasma
optical emission spectrometry (ICP-OES). Photothermal imaging
was recorded on an FLIR™ E50 camera.

3. Results and discussion

3.1. Synthesis and characterization of 89Zr-POM clusters

The blue and highly hydrophilic POMs, synthesized via an easy,
fast, and large-scale process at a low cost [39], were highly stable in
various media (Figs. S1-S2). As shown in transmission electron
microscopy (TEM) image (Fig. 1a), these clusters were uniformwith
an average diameter of ~1 nm at pH 7.4 and could self-assemble
into larger nanostructures with a diameter of ~25 nm at pH 6.5,
where the collapsed nano-vesicles during the sample preparation
process were observed in the TEM image (Fig. 1b). These nano-
structures further aggregated into larger ones through additional
acidification to pH 5.0 (Fig. 1c). Dynamic light scattering (DLS)
measurement confirmed such increase in size after acidification,
from 2.5± 0.3 nm in a neural medium to 401± 22 nm after acidi-
fication (Fig. 1d, Fig. S3). The pH-responsive self-assembly of POM
clusters was alsomonitored by UVeviseNIR spectra, where the pH-
driven self-assembly of POM resulted in a significant blue-shift of
the main peak towards 808 nm and an enhanced absorption
(Fig. S4). The reduced electrostatic repulsions and increased
attractive forces, resulting from the hydrogen bond formation of
POM macroanions through acid-induced protonation, was likely
responsible for such low-pH-driven self-assembly [39,41,42]. As the
extracellular tumor milieu (pH¼ 6.5e6.8) and endocytic organelles
(pH¼ 5.0e6.0) both exhibit a low pH value [43e45], such low-pH-
driven self-assembly of POM clusters is highly beneficial for cancer
diagnosis and treatment [46].

Among the medically relevant isotopes, 89Zr is highly oxophilic
and can be readily labeled to the oxygen-rich matrix [15]. In this
work, we used the oxygen-rich POM cluster to bind 89Zr without
additional chelators. By mixing 89Zr-oxalate and POM clusters at
37 �C with constant shaking, 89Zr was immediately bound to POM
clusters to form 89Zr-POM with a high labeling yield of ~80% in
10min, as detected by thin layer chromatography (TLC). An acidic
solution (pH¼ 5) was used as developing solvent, where free 89Zr
would stay at the original spot and 89Zr-POMwould move up to the
solvent front (inset in Fig. 1f). After shaking for 2 h, the labeling
yield was ~95% (Fig. 1e). Moreover, 89Zr-POM clusters were highly
stable in phosphate-buffered saline (PBS) with various pH values
for 24 h and 48 h (Figs. S5-6). As shown by X-ray diffraction (XRD)
pattern (Fig. 1f), the framework of the synthesized POM nano-
clusters after radiolabeling remained the same. Moreover, both DLS
and UVeviseNIR spectra results showed that the aggregation
behavior of POMwas not affected after the 89Zr labeling (Figs. S7-8),
which was reasonably expected since the amount of 89Zr used for
radiolabeling was extremely little (<1 nmol/mCi). A standard MTT
assay showed a negligible toxicity of POM clusters to both human
embryonic kidney 293 (HEK293) cells and murine breast cancer
4T1 cells (Fig. S9).

3.2. In vivo dynamic PET imaging of normal mice

Encouraged by the highly efficient and stable chelator-free la-
beling of 89Zr-POM, in vivo dynamic PET imaging (30min) of 89Zr-
POM in healthy mice was performed (n¼ 4) with a microPET/CT
Inveon small animal scanner. As showed in the maximum intensity
projection (MIP) images (Fig. 2a), the blood pool showed a stable
signal of 89Zr-POM throughout the dynamic imaging process. The
time-activity curve of 89Zr-POM in the blood (Fig. 2b) showed that
these clusters were rapidly distributed into the body with a short
distribution half-life (t1/2a) of 9.86± 3.11min and circulated in the
body with a long-time blood elimination half-life (t1/2b) of
9.57± 3.04 h, indicating an excellent in vivo circulation of 89Zr-
POM. The half-life of other kinds of POMs depends on their hy-
drated size, in vivo stability, and protein binding ability [47]. Herein,
our proposed radiolabeling method can be expanded to radiolabel
other kinds of POMs with 89Zr for the investigation of their in vivo
pharmacokinetics using PETas a powerful tool. Moreover, in light of
the excellent sensitivity and quantification ability of dynamic PET
imaging, the half-life calculated based on in vivo dynamic PET is



Fig. 1. Synthesis and characterization of 89Zr-POM clusters. a - c) TEM images of POM clusters at pH¼ 7.4, 6.5, and 5.0. Insert in a) shows the High-resolution TEM image of one POM,
scale bar: 1 nm. d) DLS measurements of POM clusters with successive acidifications from pH¼ 7.4 to pH¼ 6.5 and to pH¼ 5.0 (inset: photograph of the clusters dispersed in water).
e) Time-dependent 89Zr-labeling yield in HEPES buffer solution with POM clusters. Inset: the autoradiographic image of TLC plates of 89Zr-POM clusters acquired at 37 �C using PBS
(pH¼ 5) as the developing solvent. Free 89Zr(IV) was used as a control. f) Powder X-ray diffraction (XRD) of POM nanoclusters before and after radiolabeling with 89Zr.
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much more accurate than our previously reported values based on
the measurement of Mo concentration in blood with inductively
coupled plasma optical emission spectrometry (ICP-OES) [39]. The
signal from the kidneys can be found at 1min p.i., and it took about
~225 s for kidneys to reach their maximal uptake values (27.9± 14.3
%ID/g, Fig. S8). Kidney and bladder became the dominant uptake
organs after 5 minp.i., indicating predominant renal clearance of
89Zr-POM. The bladder uptake continued to increase during the
whole dynamic scan period, with 29.9± 22.1 %ID/g of bladder
observed at the end of dynamic PET imaging (Fig. S10-11). The renal
filtration and urinary excretion of 89Zr-POM clusters was attributed
to their ultrasmall hydrodynamic diameter of 2.5 nm in a neutral
medium (Fig. S3). The clearance and biodistribution of POM clusters
have been investigated in our previous work, where more than 91%
injected dose (ID) was excreted in one week [39].

3.3. In vivo dynamic PET imaging of UUO mice

Ureteropelvic junction obstruction is typically asymptomatic at
an early stage but can lead to renal failure if not treated timely in
newborns [48]. Unilateral ureteral obstruction (UUO) murine
model, a common model to evaluate the ureteropelvic junction
obstruction, was built by completely ligating the left ureter of the
mouse while the right ureter was kept intact (Fig. 3a). Real-time
monitoring of kidney clearance kinetics of 89Zr-POM clusters by
in vivo dynamic PET imaging to noninvasively stage the kidney
dysfunction will facilitate our understanding of kidney diseases
(Figs. 3e4). As shown in Fig. 3bec, the UUO left kidney (UUO LK)
can be easily differentiated from the unobstructed right kidneys in
an early stage, where only the crescent-shaped kidney cortex was
found in UUO LK resulting from the blocked outflow upon
obstruction (Fig. 4). The peak uptake value of UUO LK was found to
be 20.1± 7.5 %ID/g, which was much less than that of the contra-
lateral right kidney (RK, 80.9± 21.8%ID/g). The signal of LK
remained almost unchanged after the peak while the signal in RK
decreased sharply, indicating a dramatically reduced blood
perfusion to the LK upon the obstruction. The peak value of RK in
UUO mice was much higher than that in normal mice (Fig. S10),
which may be contributed to the less clearance of UUO LK [49]. For
UUO mice at end stage (day 21 after the ureteral obstruction), the
UUO LK completely failed as confirmed by the H&E staining, in
which most of the glomerular and tubular structures were
destroyed and replaced with inflammatory cells and/or fibrotic
tissue (Fig. S12). No signal could be found in UUO end stage LK
(Fig. 3eef) throughout the dynamic scanning, while the RK
exhibited normal renal function.

At the end of the 30-min dynamic PET scanning, the signal of the
UUO LK at an early stage (i.e. some uptake but no clearance) was
much higher than that of the RK (i.e. rapid clearance), while an
opposite trend was found for UUO at the end stage (LK: no uptake;
RK: rapid clearance; Fig. 3d). The excretion of 89Zr-POM clusters to
renal pelvis was highly limited in early stage UUO LK, and most of
them stayed in the renal cortex (Fig. 4). For end stage UUO LK, no
89Zr-POM clusters was found in the UUO LK, andmost clusters were
cleared through the right kidney. The 89Zr-POM clusters-based PET
imaging offers a simple, minimally invasive, and quantitative test of
renal functionwhich does not require urine or blood samples. More
importantly, this tracer may allow for quantification of split renal
function based on the PET images while serum biomarker detection
(e.g., Cr and BUN test) struggle to provide much detailed informa-
tion of each kidney. Besides, several radiotracers such as 18F-fluo-
ride [50,51], 68Ga-EDTA [52] and 99mTc-MAG3 [49] have also been
reported to noninvasively evaluate renal function, which, however,
suffers from the singal imaging function mode while 89Zr-POM
could also be applied for tumor diagnosis and therapy simulta-
neously [39,46].

3.4. In vivo PET imaging of 4T1-tumor bearing mice

A well-known phenomenon is that nanoparticles (NPs) often
passively accumulate in tumor through the EPR effect, which has
played pivotal roles in cancer diagnosis and therapy. Designing of



Fig. 2. a) Representative dynamic PET images of healthy mice after intravenous injection of 89Zr-POM clusters within different time points. b) Time-activity curves of 89Zr-POM in
the blood (n¼ 4, mean ± s.d.).
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renal clearable NPs with a strong EPR effect will render these NPs
unique in cancer imaging. One of the major pitfalls of renal clear-
able NPs is their poor EPR effect because of the rapid clearance from
the bloodstream or the backflow of NPs from the tumor site [38].
Ultra-small size and surface modification endowing NPs (such as
Au NPs) with short distribution half-life and longer blood-
elimination half-life are common strategies to balance between
renal clearance and tumor accumulation [53e56]. As mentioned
above, the 89Zr-POM clusters displayed excellent blood circulation
with a short distribution half-life (t1/2a) of 9.86± 3.11min and a
long blood-elimination half-life (t1/2b) of 9.57± 3.04 h. Such a long
t1/2b exceeds the minimal requirement of 6 h for a strong EPR effect
[57], and is over 4 times longer than that of cysteine-coated QDs
(~2 h) [35], making these clusters more suitable for tumor imaging
due to a much slower renal clearance than our previous reported
64Cu-labeled GSH-Au NPs (t1/2a¼ 0.73min; t1/2b¼ 5.81min) [58].
Moreover, the POM clusters could self-assemble into bigger nano-
structures in response to tumor acidic microenvironment
(Fig. 1aee), which would hold back the outflow of NPs from tumor
sites to enhance tumor accumulation and prolong the tumor



Fig. 3. PET imaging of unilateral ureteral obstruction (UUO) in mice with 89Zr-POM clusters. a) A schematic illustration of the UUO model in mice. b) Representative dynamic PET
maximum intensity projection (MIP) images within different time points and timeeactivity curves of UUO early stage mice (b, c) or end stage (e, f) after intravenous injection of
89Zr-POM clusters. d) Comparison of kidney uptake at 30min p.i. in UUO early and end stage mice. Red arrows point to the left kidney (UUO) and yellow arrows point to the right
kidney (normal). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Representative coronal and transversal PET imaging slices of staging kidneys
between normal function, mild, and severe dysfunction within 10min after intrave-
nous injection of 89Zr-POM clusters. The renal uptake of 89Zr-POM clusters was
remarkably reduced in UUO left kidney, while the changes were minimal in contra-
lateral right kidney both in UUO early and end-stage.
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retention time.
Based on above considerations, aside from the staging of kidney

dysfunction, in vivo PET imaging of tumor was also carried out via
intravenous injection of 89Zr-POM clusters into 4T1-tumor bearing
mice (n¼ 3). Free 89Zr radioisotopewas injected into another group
of 4T1-tumor-bearing mice as a control. Serial PET scans were
performed to monitor the tumor uptake and renal clearance of the
tracer. The coronal slices containing the tumor at different time
points were shown in Fig. 5aeb. As expected, 89Zr-POM clusters
allowed for an efficient and time-dependent delineation of the
tumor (Fig. 5a), as early as 3 h p.i. (6.0± 1.9 %ID/g) and the tumor
uptake peaked at around 6 h p.i. (7.5± 1.4 %ID/g). The tumor
remained visible at 24 h p.i., and the tumor uptake was determined
to be 6.5± 1.2 %ID/g at 24 h p.i., which was even higher than our
previously reported 64Cu-labeled silica NPs conjugated with tumor-
targeting TRC105 antibody (e.g., peak value of 5.9± 0.4 %ID/g at ~5 h
p.i.) [59]. Such a high tumor accumulationwas believed to be due to
the strong EPR effect resulting from the long blood-elimination
half-life and self-assembly capability of 89Zr-POM clusters in the
acidic tumor microenvironment [41,42]. In contrast, the tumor
could be hardly displayed with 89Zr alone, and the tumor uptake of
free 89Zr was found to be significantly lower at all time points
examined. High bone uptake was found in free 89Zr-injected mice
(Fig. 5b) which was consistent with previous results [16], while the
89Zr-POM clusters exhibited very low bone uptake, indicating the
excellent labeling stability of 89Zr-POM clusters in vivo.

Radioactivity signal in the kidneys remained high at all exam-
ined time points (Fig. 5 c), further demonstrating that 89Zr-POM
clusters could clear from the blood to the kidneys, which was
consistent with previous results of healthy and UUO mice. How-
ever, the liver accumulation increased over time (Fig. 5c), which
may be caused by serum protein adsorption of clusters in biological
fluid or adsorption of opsonins on 89Zr-POM (known as “opsoni-
zation”) in vivo, which initiates the recognition of macrophages in
RES organs such as the liver and spleen [60,61]. These results were
consistent with our previous results that nearly 18% ID of POM
clusters were excreted through the liver metabolism, while 73% ID
of the clusters were cleared through the renal system in one week



Fig. 5. Representative coronal and sagittal PET imaging slices of 4T1-tumor bearing mice (tumors indicated by arrowheads) after intravenous injection of a) 89Zr-POM clusters and
b) free89Zr as control at different time points. c) Quantification of 89Zr-POM uptake in the blood, liver, spleen, kidney, 4T1 tumor, and muscle at various time points post-injection
(n¼ 3, mean± s.d.). d) Biodistribution of 89Zr- POM clusters at 24 h after intravenous injection into 4T1-tumor bearing mice as determined by 89Zr radioactivity measurement in
various tissues and organs (n¼ 3, mean± s.d.).
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[39].
To further validate the accuracy of PET quantification analysis,

ex vivo biodistribution studies were performed at 24 h p.i. (after the
last PET scan). As shown in Fig. 5d, the 4T1 tumor uptake at 24 h p.i.
was 6.1± 0.9 %ID/g, which matched well with our PET data. The
liver, spleen, and kidney had significant uptake at 24 h p.i. as these
organs were responsible for clearance of 89Zr-POM clusters. In
addition, the extra L-ascorbic acid must be completely removed
after the synthesis of POM clusters, ensuring that the 89Zr was
labeled with POM at pH of 7e8 to avoid unstable radiolabeled
clusters (Fig. S13). It is worth noting that these POM clusters exhibit
strong NIR absorption (Fig. S4), which could convert the NIR energy
into heat for tumor photothermal therapy (Fig. S14). Photothermal
imaging of 4T1 tumor-bearing mice after intravenous injection of
89Zr-POM clusters at 24 h p.i. under 808 nm laser irradiation for
5min showed an elevated temperature at the tumor site (~62.4 �C;
Fig. S15), which further demonstrated the accumulation of POM
clusters in the tumor area for tumor photothermal therapy. Lastly,
H&E staining of various mouse organs (heart, liver, spleen, lung,
and kidneys) after intravenous injection of POM clusters showed no
noticeable organ damage or inflammatory lesions over one month
(Fig. S16), suggesting the low in vivo toxicity of the POM clusters.
Taken together these finding, our PET studies in 4T1 tumor-bearing
mice demonstrated the effective balance and synergy of renal
clearance and EPR effect, using the long circulating and pH-
responsive self-assembling 89Zr-POM clusters.

4. Conclusion

In summary, we present here the renal clearable 89Zr-POM
clusters, synthesized by a large-scale, low-cost, and chelate-free
labeling method, for noninvasive staging of both the kidney
dysfunction and tumor progression. The ultra-small 89Zr-POM
clusters exhibited desirable blood circulation in vivo (t1/
2a¼ 9.86± 3.11min; t1/2b¼ 9.57± 3.04 h.), which can act like “mo-
lecular nanoprobes” to bridge the conventional concepts of “small
molecule probes” and “nanotechnology” in the PET area. Dynamic
PET imaging of 89Zr-POM clusters on UUO mice successfully
differentiated the UUO kidney at both early and end stage. More-
over, the long blood-elimination half-life, as well as the pH-
responsive self-assembly of 89Zr-POM clusters in the acidic tumor
tissue, endowed these clusters with both efficient renal clearance
and excellent EPR effect in a murine model. Together, the findings
in this work indicated broad potential of radiolabeled POM clusters
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for various future applications in many diseases such as cancer and
kidney dysfunction, which are currently under investigation in our
laboratory.
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