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Acute kidney injury (AKI) leads to unacceptably high mortality due to difficulties in timely intervention and less
efficient renal delivery of therapeutic drugs. Here, a series of polyvinylpyrrolidone (PVP)-curcumin nanoparticles
(PCurNP) are designed to meet the renal excretion threshold (~45 kDa), presenting a controllable delivery
nanosystem for kidney targeting. Renal accumulation of the relatively small nanoparticles, 8°Zr-PCurNP M10
with the diameter between 5 and 8 nm, is found to be 1.7 times and 1.8 times higher than the accumulation of
89Zr-PCurNP M29 (20-50 nm) and M40 (20-50 nm) as revealed by PET imaging. Furthermore, serum creatinine

analysis, kidney tissues histology, and tubular injury scores revealed that PCurNP M10 efficiently treated
cisplatin-induced AKI. Herein, PCurNP offers a novel and simple strategy for precise PET image-guided drug
delivery of renal protective materials.

1. Introduction

Kidneys perform several vital tasks including maintaining body
electrolyte balance, fluid balance, and blood pressure homeostasis,
primarily through the function of proximal and distal tubular segments
of nephrons [1,2]. Unfortunately, according to current epidemiological
evidence, the prevalence of acute and chronic renal failure is a wors-
ening health and economic problem across the world, affecting between
one and two people per thousand [3,4]. In addition, it is widely
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recognized that kidney injury leads to high morbidity and mortality in
hospitalized patients, which was attributed to delayed diagnosis and
intervention, low drug availability, treatment side effects as well as
patient heterogeneity [5]. As such, new treatment regimen combining
low toxicity, precise imaging, and increased therapeutic efficacy is
needed to facilitate kidney disease intervention, which highlights the
necessity of delivering drugs to the kidneys in a highly controllable and
targeted manner.

Nanomedicine holds great promise for the targeted delivery of
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therapeutics [6]. Next to numerous reports of using nanoparticles for
cancer theranostics [7], there is also clinical approval of
nano-formulations for distinct diseases, including fungal infections,
hepatitis, multiple sclerosis, and even end-stage renal disease [8].
However, fast liquid exchange and rapid excretion of kidneys signifi-
cantly add more difficulties to targeted renal delivery [9]. For a thera-
nostic agent to successfully localize into the kidney from the blood
plasma, it must first enter the glomerulus, undergo filtration of the
glomerular endothelium (with pores in the range of 80-100 nm in
diameter), and pass through the glomerular basement membrane (a 300-
to 350-nm-thick basal lamina), and finally go through the charged
proteoglycans (an average pore size of 3 nm) [8,10]. This is a likely
explanation for the fact that there are many studies reporting
cancer-targeting of nanomaterials but few reporting kidney targeting. In
addition, comparing with small molecule drugs, in vivo behaviours of
nanoparticles involves more complex and unique physiological pro-
cesses, which add more layers of complexity to renal drug delivery [11].
Excluding considerations of the shape and surface charge of theranostic
agents, the molecular weight or size cut-off for glomerular filtration is
thought to be 30-50 kDa or ~5 nm in diameter [12], a cut-off that ob-
structs the effective delivery of nanoparticles to the kidney. Therefore,
despite proven successful nanoparticle delivery to cells and a few organs
such as the tumours, lungs, and liver, there are few reports on efficient
delivery of engineered nanoparticles to other organs, especially to the
kidney [10]. Improving nanoparticle accumulation in the kidney is vital
in protecting or curing renal injuries. Aside from low targeting effi-
ciency, other limitations of nanoparticles, such as high accumulation
(>30%ID/g) in the reticuloendothelial system, also lead to severe side
toxicity and result in difficulties in establishing its clinical application
[13]. In summary, the lack of success in translating kidney targeting
nanomedicines can be attributed to the barriers of renal filtration,
challenges in predicting/controlling biological profiles of nanomaterials
in vivo, and drug dose management in the kidneys.

It has been well established that oxidative stress is one of the
mechanisms involved in renal injury [14-17]. Thus, functional nano-
structures with high biocompatibility, antioxidation, low toxicity, and
specificity of targeting the kidney are of great interest in nanotech-
nology and medicine for potential protection or therapy on kidney
injury. Numerous studies have shown that curcumin has broad biolog-
ical functions, including antioxidant and anti-inflammatory properties
[18,19]. For years, the information presented in research had identified
curcumin as a promising renoprotective molecule [19]. The urgency to
develop kidney protective strategies makes compounds like curcumin,
which has been used in traditional medicine for its protective effects
against renal damage, appealing.

In our previous research, both radiolabelled DNA origami nano-
structures [20] and molybdenum (Mo)-based polyoxometalate clusters
[21], demonstrated the possibility of antioxidative nanostructures in the
prevention of AKI induced by ROS. In this work, we aimed to develop a
highly selective kidney targeting nanosystem for delivering the prom-
ising renoprotective component, curcumin, to achieve the treatment of
AKI. First, a series of polyvinylpyrrolidone-curcumin nanoparticles were
synthesized by using polyvinylpyrrolidone (PVP) of different molecular
weights (M10, M29, M40, which denote the average molecular weight of
10 kDa, 29 kDa, and 40 kDa respectively), then each was conjugated
with curcumin (abbreviated as PCur M10, PCur M29, and PCur M40,
respectively). The nanoparticles were formed by the hydrophobic
interaction of curcumin inside the conjugates (abbreviated as PCurNP
M10, PCurNP M29, and PCurNP M40, respectively) and beyond the
renal excretion threshold (~45 kDa), which endowed the
polyvinylpyrrolidone-curcumin conjugates biosafety nano-theranostic
agents with potential applications and controllable properties for kid-
ney targeting. The size of nanoparticles was facilely modulated by
choosing PVP with different molecular weights. The nanoparticles were
subsequently labeled with 8°Zr (abbreviated as 89Zr-PCurNP M10,
897r-PCurNP M29, and %°Zr-PCurNP M40, respectively) based on the
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inherent oxygen donors of the polyvinylpyrrolidone-curcumin conju-
gates for position-emission tomography (PET) imaging. Furthermore,
the as-synthesized PCurNP M10 efficiently normalized creatinine level
to be 0.37 £+ 0.06 mg/dL while creatinine level reached 0.87 + 0.11
mg/dL in the cisplatin-induced AKI group. In contrast, the value of
creatinine level was 0.23 + 0.11 mg/dL in the health group. Hematox-
ylin and eosin (H&E) staining of the collected kidney also confirmed the
successful treatment of AKI by PCurNP M10. With its attractive radio-
labelling nanostructure and the simplicity of controllable kidney tar-
geting, PCurNP offered a novel and simple strategy for precise PET
image-guided drug delivery of renal protective materials-curcumin in
future nanomedicine clinical studies.

2. Experimental section
2.1. Materials

Polyvinylpyrrolidone (PVP) of average molecular weight 10000,
29000 and 40000, curcumin, 4-(Dimethylamino)pyridine (DMAP),
Triethylamine (TEA), Dimethyl Sulfoxide (DMSO) were purchased from
Sigma-Aldrich (St. Louis, MO). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) were ordered from Thermo Fisher Sci-
entific. Size exclusive PD-10 columns were purchased from GE
Healthcare (Piscataway, NJ). Water and all buffers were of Millipore
grade and pretreated with Chelex 100 resin to ensure that the aqueous
solution was free of heavy metals.

2.2. Characterizations

Transmission electron microscopy (TEM) images were obtained on
an FEI T12 microscope operated at an accelerating voltage of 120 kV.
Standard TEM samples were prepared by dropping diluted products onto
carbon-coated copper grids. Dynamic light scattering was performed on
Nano-Zetasizer (Malvern Instruments Ltd.). Biodistribution studies were
performed by measuring the radioactivity in the tissue in a WIZARD?
gamma counter (Perkin-Elmer). Optical imaging was performed by
using an IVIS Spectrum Preclinical in vivo imaging system (Ex = 430
nm, Em = 560 nm).

2.3. The synthesis of curcumin-polyvinyl pyrrolidone conjugates (PCur)
and nanoparticles (PCurNP)

The conjugate was synthesized as reported method [22,23]. Briefly,
3 g of PVP, 1 g DMAP, 2 mL TEA, and 200 mg of curcumin were added
into 100 mL of DMSO in a 250-mL flask with Ny protection. The reaction
mixture was stirred well at 45 °C for about 12 h. The resultant solution
was dialyzed against DMSO for 3 days to remove unbound entities. To
obtain the nanoparticles, the obtained solution dialysis against deion-
ized water for 7 days.

2.4. Radiolabelling of PCurNPs

897r was produced with an onsite cyclotron (GE PETrace) in the
University of Wisconsin-Madison. 897r-oxalate (150 MBq) was diluted in
300 pLof1 x 103 M HEPES solution (pH = 7) and mixed with 100 pL of
PCurNP (M10, M29, and M40) (1 mg/mL). The reaction was conducted
at 40 °C for 60 min with constant shaking. TLC determined the labeling
yield at different time points. The resulting product was purified by a
PD-10 column using PBS as the mobile phase.

Ga-68 (decay half-life ~ 68min) was eluted from a 68Ge-8Ga
generator (ITG) with 0.5 N HCl (4 mL) as the mobile phase. Radio-
labeling reaction starts when Ga-68, NaAc buffer (0.5 M, 300 pL, pH 6.8)
and 100 pL of PCurNP (M10, M29, and M40, 1 mg/mL) were mixed
together. The reaction lasts for 10-15 min with constant shaking at 37 °C
and labeled nanoparticles were purified with PD-10 column (1 x PBS as
the mobile phase).
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2.5. In vitro serum stability study

For in vitro serum stability. 897r-PCurNP M10, M29, and M40 and
complete mouse serum were incubated under constant shaking at 37 °C
for 24 h. Small portions of the mixture were collected at different time
points and purified through 100 kDa cutoff filters. After filtering, the
solutions were collected, and the radioactivity of 8°Zr was measured by
using a gamma counter.

2.6. Animal model

All animal studies were conducted under the protocol approved by
the University of Wisconsin Institutional Animal Care and Use Com-
mittee. The cisplatin-induced AKI Model model was established by
intraperitoneal injections of cisplatin (15 mg/kg or 20 mg/kg) for each
mouse. Then mice serum was collected to analyze creatinine levels in
related groups and renal tissues were also used to assess the develop-
ment of AKI and treatment of AKI by PCurNP M10. To determine the
effect of PCurNP on restoring renal function, the mice were intrave-
nously injected with PCurNP M10 (1 mg in 100 pL PBS, calculated by
curcumin amount) at 2 h after intraperitoneal injections of cisplatin.

2.7. In Vivo PET imaging and biodistribution studies

The reconstruction of PET images and region-of-interest (ROI)
analysis were performed similarly as described previously [24]. Briefly,
for normal PET imaging, healthy BALB/c mice were each injected with
5-10 MBq of 8°Zr-PCurNP M10, 8°Zr-PCurNP M29, and 8°Zr-PCurNP
M40, respectively via tail vein before serial PET scans. For dynamic
scanning, a group of mice (n = 3) was injected with 5-10 MBq of
897r-PCurNP. Quantitative PET data were presented as a percentage of
the injected dose per gram (%ID/g). For the biodistribution study, major
organs were collected and wet-weighted at 24 h postinjection. The
radioactivity uptake by the tissue was measured by using a gamma
counter (Perkin-Elmer) and presented as %ID/g (mean + SD).

2.8. In vitro biocompatibility studies

The human embryonic kidney cells (HEK 293) were obtained from
American Type Culture Collection (ATCC) and cultured at 37 °C under
5% COs. All cell culture-related reagents were purchased from Invi-
trogen. Cell viability was determined by measuring the ability of cells to
transform MTT to a purple formazan dye. HEK 293 were incubated with
PCurNP at different concentrations for 24 h then cell viability was
analyzed by a microplate reader.

To measure protective effects of PCurNP, we first incubate PCurNP
with HEK293 cells and challenge cells with cisplatin. MitoTrackor
(ThermalFisher, USA) was used to stain mitocondria and DAPI was used
to stain cell nucleus. Confocal imaging was performed on a Nikon A1R
confocal microscope (Nikon Instruments, Melville, NY, USA).

2.9. In Vivo biocompatibility studies

The toxicity of nanoparticles to healthy male BALB/c mice was
conducted by injecting the PCurNP M10 via the tail vein. Mice injected
with only PBS were introduced as a control group (n = 3). Meanwhile,
major organs from each mouse were harvested and fixed in 4% para-
formaldehyde solution for 1 day. These tissues were embedded in
paraffin then stained with hematoxylin and eosin (H&E) and examined
using a digital microscope. Examined tissues include the heart, liver,
spleen, and kidney.

2.10. Renal tissue analysis after treatment

Kidneys from each group were frozen and stored at —80 °C until
experiments. Kidney homogenates were prepared according to the
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protocols SOD assay kits (Sigma-Aldrich, USA). For reference, SOD
reference samples were used from the assay kit and a standard curve was
established for our experiment.

2.11. Statistics

Quantitative data is displayed as mean + S.D. Statistical differences
were analyzed using a student’s t-test for two groups or one-way analysis
of variance (ANOVA) for three or more groups. Statistical analyses were
performed using GraphPad Prism 7.

3. Results and discussion
3.1. Synthesis and 8°Zr-labelling of PCurNP

The synthesis of PCur was achieved by using the reported procedures
[22,23]. The copolymer integration was composed of PVP and curcu-
min. A more detailed synthesis procedure could be found in the exper-
imental section. The characteristics of these PCur are presented in
Fig. S1, Fig. S2, Fig. S3, and Table S1. Employing the FT-IR and the
UV-vis absorbance spectrometry, the curcumin composition of PCur
copolymer was confirmed to be 1.23%, 1.12%, and 0.89% for PCur M10,
PCur M29, and PCur M40, respectively. The nanoparticles were ob-
tained after dialysis of reaction solution against water for one week then
were purified by ultra-centrifugal filter. As-synthesized PCur nano-
particles (PCurNP) (M10, M29, and M40) showed different structures
with diameters of 5-8 nm (PCurNP M10, Fig. 1A), 20-50 nm (PCurNP
M29, Fig. 1B), and 20-50 nm (PCurNP M40, Fig. 1C), respectively, as
observed under the transmission electron microscope (TEM) and DLS
(Fig. S4).

Our previous work demonstrated that numerous deprotonated sila-
nol groups (-O-) inside the mesochannels or on the surface of meso-
porous silica nanoparticles (MSN) could function as inherent hard
oxygen donors for stable radio-labeling of 897y [24]. Based on the special
structure of the synthesized PCur nanoparticles (PCurNP), we hypoth-
esized that abundant curcumin groups might function as inherent oxy-
gen donors for stable radiolabelling of 3°Zr. After mixing 8°Zr with the
different PCurNP in HEPES buffer (0.5 x 102 M) at pH =~ 7 and 45 °C for
various times, the incubation solution was doted on the TLC plate for
follow-up assay (Fig. S5A). It was found that the °Zr was strongly
adsorbed on the nanoparticles after 5 min. And the 8°Zr-labelling yield
of PCurNP M10, M29, and M40 reached values as high as 85.7%, 85.2%,
and 85.5% respectively, after 1 h of incubation (Fig. 1D and E). Fluo-
rescence imaging of 8°Zr-PCurNP (curcumin acted as the fluorescent
molecule) further confirmed the nanoparticles chelated with 8°Zr stayed
on the initial point (Fig. 1F). Furthermore, the negative control experi-
ments with free 8°Zr showed a very low labeling yield, confirming the
successful labeling of 7r on the nanoparticles (Fig. S6). As shown in
Fig. 57, 8Zr-labeled PCurNP was stable during the co-incubation with
mouse serum at 37 °C. The fractions of the obtained products were
collected by purifying the mixture solutions of PCurNP and 8°Zr with
PD-10 (Fig. S5B). A good co-localization between radioactive and fluo-
rescence intensity of 3°Zr-PCurNP demonstrated the successful synthesis
of 8Zr- PCurNP (Fig. 1G, H, and 1I). Importantly, it was found that the
PVP molecule alone could not be beneficial for labeling 897r (Fi g. 1H).
Therefore, except for constructing the nanoparticles, the curcumin mo-
lecular in the polymer conjugates would also contribute to 8°Zr labeling.

3.2. In Vivo kidney targeting of °Zr-PCurNP

For medical applications of nanosystems, their efficacy and biosafety
not only depend on the control of their distribution within the body, but
also demand a clear illustration of the concentration-time profiles in
organs and tissues of interest. Herein, the quantitative analysis of the
dynamic PET imaging data provided more accurate biodistribution of
nanoparticles in the main organs of mice. To demonstrate the kidney
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Fig. 1. Modulating the diameter and Zr-89 labeling of nanostructured polyvinylpyrrolidone-curcumin conjugates (PCur). TEM images of PCurNP M10 (A), M29 (B)
and M40 (C). (D) Time-dependent 89Zr-labelling yields of PCurNP (M10, M29, and M40). (E) Autoradiograph of TLC plates of 897r-PCurNP. (F) Overlay of the bright
field imaging and fluorescence of #°Zr-PCurNP (Ex 430 nm, Em 530 nm). (G) Elution profiles based on %°Zr radioactivity of 3Zr-PCurNP. (H) PET imagines of PD-10
tubes and collected solutions from different fractions of the mixture by incubating PVP or PCurNP M10 with 8°Zr for 1 h. (I) Overlay of the bright field imaging and

fluorescence of the different fractions of 3°Zr-PCurNP purified by PD-10.

targeting property of 3°Zr-PCurNP in vivo, three kinds of as-synthesized
nanoparticles were intravenously injected into healthy mice and were
imaged with PET at various time points post-injection. Interestingly,
89Zr-PCurNP M10 with the smallest size among PCurNPs showed the
most efficient kidney accumulation as compared to 8°Zr-PCurNP M30
and M40 (Fig. 2A, B, and C). Region-of-interest analysis of PET data and
time-activity curves of the liver, blood, spleen, kidney, and muscle were
shown post-injection of 8Zr-PCurNP in Fig. 2D-H. Quantitative data
obtained from ROI analysis of these PET images revealed that the kidney
uptake of $Zr-PCurNP M10 were 15.4 + 2.4, 15.7 + 2.5, 15.6 + 2.3,
14.6 £1.3,11.3+1.9,and 10.5 £+ 1.8% ID/gat 1, 2, 3,5, 14,and 24 h
post-injection (p.i.), respectively (Fig. 2G). As demonstrated by previous
research, the hydrodynamic diameter of ~5 nm or molecular weight of
~45 kDa is associated with the ability to be cleared rapidly from the
body by renal filtration and urinary excretion [25]. Herein, besides the
high kidney uptake, a significant signal in the bladder was attributed to
the unavoidable disassembly of nanoparticles, which endowed the
PCurNPs with efficient clearance ability from the body in another way.
The accumulation of 3°Zr-PCurNP M10 in the kidney was 1.7 times and
1.8 times higher than that of 897r-PCurNP M30 (6.3 + 0.1% ID/g) and
M40 (5.7 + 1.2% ID/g), respectively, at 24 h time point. It was impor-
tant to note that the phenomenon of radioactive signal from the kidney
from three treatment groups remained unchanged in the initial 14-h
post-injection: °Zr-PCurNP M10 > 8°Zr-PCurNP M29 > 897r-PCurNP
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M40. Such an efficient selective accumulation of nanoparticles in the
kidney could be due to the renal excretion threshold, ~45 kDa, which
limits the uptake and retention of nanoparticles. In addition, the similar
nanoparticles (PCurNP M29 and M40) got the proximate result of tissues
accumulation at 24 h time point.

To estimate the uptake of nanoparticles in different organs, the mice
were sacrificed with all the major organs collected, wet-weighted, and
counted with a gamma counter after 24 h. Fig. 2I presented the ex vivo
biodistribution of 89Zr-PCurNP M10, M29, and M40 nanoparticles in
mice. Numbers were given as a percentage of the injected dose (%ID/g).
The dominant accumulation of nanoparticles in kidneys were found to
be 15.4 + 0.3 %ID/g (PCurNP M10), 9.2 + 0.3 %ID/g (PCurNP M29)
and 7.7 + 1.0 %ID/g (PCurNP M40). In marked contrast, we found the
three nanoparticles uptake in the liver to be 5.8 + 0.7 %ID/g, 5.9 + 0.5
%ID/g and 6.1 + 0.6 %ID/g, respectively. Beside the low accumulation
in the liver, the biodistribution results also showed the comparatively
low value in the spleen as presented in Fig. 2I. Low signal in the liver and
spleen at later time points suggested those nanoparticles can escape the
uptake of mononuclear phagocytic system (MPS) cells in the reticulo-
endothelial system [26]. The ability to efficiently navigate to kidneys
and escape the uptake in the liver and spleen largely improved the safety
and tolerability of PCurNP. In addition, the higher blood signal of
PCurNP M40 signaled a longer blood circulation time than PCurNP M10.
This phenomenon is likely due to the much higher molecular weight of
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Fig. 2. Invivo PET images after injection of 3°Zr-PCurNP. In vivo PET images of mice taken at various time points (1, 2, 3, 5, 14, and 24 h) post intravenous injection
of different Sglr-PCurNP, 897r-PCurNP M10 (A), 897r-PCurNP M29 (B), 897r-PCurNP M40 (C). Slices that contain the kidneys are shown. Corresponding quantitative
region-of-interest (ROI) analysis of 897r-PCurNP (®°Zr-PCurNP M10, 897r-PCurNP M29, 8°Zr-PCurNP M40) uptake in the Liver (D), Blood (E), Spleen (F), Kidney (G),
and Muscle (H) at various time points p.i. (M10, M29, and M40 presented 89Zr-PCurNP M10, 3°Zr-PCurNP M29, and 3°Zr-PCurNP M40, respectively). (I) Bio-
distribution of 8Zr-PCurNP M10, M29, and M40 in the mouse at 24 h post-injection. Organ uptake was presented as %ID/g.

PVP-forming nanoparticles, which leads to a more hydrophilic layer on
the surface of PCurNP M40 than for other samples. Taken together, we
herein demonstrated the possibility of choosing PVP-curcumin conju-
gates to combine with noninvasive PET imaging for highly selective in
vivo kidney mapping and targeting.

To further confirm that the size of nanoparticles would affect kidney
targeting efficiency, disassembled 8°Zr-PCurNP M10 was obtained via
incubating 8°Zr-PCurNP in 10% DMSO PBS solution at 37 °C for ~10
min, which was then injection into healthy mice (Fig. 3A). The structure
disassembly was confirmed by the TEM imaging as shown in Fig. 3B. A
significant decrease in accumulation of °Zr-PCurNP M10 was also
observed in the kidney (Fig. 3C and D), in which the signal strength of
radioactive signals at 24 h p.i. decreased to 6.5 + 1.8 %ID/g (Fig. 3D).
The radioactivity signal in the kidney was always weaker than the
previous result (Fig. 2A) throughout the observing procedure. Another
round of PET imaging was performed in mice with cisplatin-induced
AKI, results showed that within 3 h after injection, PCurNP M10 nano-
particles accumulated in the kidneys with high specificity, other major
organs, including the heart, liver, spleen, and lung, showed background
signal (Fig. $10). These results demonstrated the potential of using 8°Zr-
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PCurNP as a PET imaging probe for in vivo kidney imaging and
achieving kidney targeting by facilely choosing PVP of the proper mo-
lecular weight through systemic administration.

3.3. Dynamic PET imaging and organ kinetics of radiolabelled PCurNP

Herein, the dynamic imaging and quantitative analysis of the dy-
namic PET imaging data holds the potential to provide more accurate
kinetics of nanoparticles in the main organs of mice without sacrificing
the animals. To perform dynamic PET imaging, radiolabelled PCurNP
M10 nanoparticles were injected into mice at 2-5 MBq dose and imaged
in a microPET/microCT Inveon rodent model scanner. Referencing our
previous work [13], a 30-min dynamic scan was performed and fitted
into several frames. Fig. 4A showed the selected frames of maximum
intensity projection (MIP) images from the dynamic PET imaging, which
showed the rapid decrease of 8Zr-PCurNP M10 in the blood during the
first 30 min after injecting into healthy mice. The results showed an
instant uptake (36.4 = 13.9 %ID/g) of *Zr-PCurNP M10 in the kidney at
2.25 min post-injection and then decreased to 16.7 + 4.6 %ID/g at the
30-min time point. By comparing the kidney time-activity curves of
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897r-PCurNP M10 and 3°Zr-PCurNP M40 (Figs. S8 and S9), dynamic PET
results showed the blood circulation of 8°Zr-PCurNP M40 was longer
than that of 3°Zr-PCurNP M10, while the opposite result was found in
the kidney uptake of two nanoparticles. The spleen and liver uptake of
the two nanoparticles showed similar results. These data matched quite
well with the obtained trend from our ex vivo biodistribution study.
Uptake of 897r-PCurNP M10 in the liver was measured to be at a
maximum value of 22.2 + 9.1 %ID/g and kept in the low value
throughout the scanning procedure. The signal in the spleen increased to
14.4 + 2.2 %ID/g at 13 min time point before it started to decrease over
time. As was previously reported [27], radioactivity signal in the
bladder could likely be partly due to the small amount of free 8°Zr that
was not completely removed before injection, allowing it to become
concentrated in the bladder after intravenous injection. Fig. 4B-E shows
the detailed time-activity curves of 8°Zr-PCurNP M10 in the heart, kid-
neys, liver, and spleen. The distribution rate of 8°Zr-PCurNP M10 from
the blood compartment was later determined by fitting the dynamic
time-activity curves of the heart to a two-phase exponential decay
(showed Fig. 4F). The initial distribution half-life (t;/5,) of the
89Zr-PCurNP M10 was found to be 0.16 = 0.16 min and was confirmed
with the rapid distribution of nanoparticles as showed in Fig. 4A. In
addition, the elimination half-life (t;/2p), obtained by fitting the
time-activity curve, was 6.64 + 0.42 min. The initial distribution and
elimination half-life of 8Zr-PCurNP M10 in the liver was estimated to be
similar to the heart, suggests that °Zr-PCurNP M10 can rapidly accu-
mulate in the kidney and can also be rapidly cleared by the mice.

3.4. Biocompatibility evaluations of PCurNP

According to the above results, synthesized nanoparticles mainly
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Fig. 3. (A) A schematic illustration showed the
disassembly of 8°Zr-PCurNP M10 via incubating the
obtained 8°Zr-PCurNP in 10% DMSO PBS solution at
37 °C for ~10 min. (B) TEM imaging of the dis-
assembled 8°Zr-PCurNP M10. (C) Quantification of
the disassembled ®°Zr-PCurNP M10 uptake in the
Liver, Spleen, Muscle, and Kidney at various time
points p.i. The unit is the percentage of injected dose
per gram of tissue (% ID/g). (D) In Vivo PET imaging
after injection of the disassembled ®°Zr-PCurNP M10,
where the slices that contain the kidneys are shown.

24 h

6/Q1%

accumulated in the kidney. Herein, human embryonic kidney cells 293
(HEK-293) were chosen as model cells to evaluate the biocompatibility
of PCurNP. No apparent cytotoxicity of PCurNP M10, M29, and M40 to
HEK-293 was observed at a studied concentration (from 62.5 to 1000
pg/mL) up to 24 h (Fig. 5A). To further confirm its biosafety, PCurNP
M10 was injected into the healthy Balb/c mice at the dose of 15 mg/kg.
No noticeable signs of toxicity or side effects were found in the Balb/c
mice based on the bodyweight measurement (Fig. 5B). On Day 30, major
organs (i.e., heart, liver, spleen, kidneys) were sliced and stained with
H&E for histology analysis. The results in Fig. 5C further revealed that
there was no noticeable tissue damage in any of the main organs of the
healthy mice. Combined with retention information acquired from PET
imaging, it is reasonable to conclude that this nanosized conjugates
would not cause significant toxicity to the test subjects.

3.5. Treatment of cisplatin-induced AKI with PCurNP

Among the chemotherapeutic agents, cisplatin is a widely used
anticancer drug. However, one of the main concerns of cisplatin
administration is acute kidney injury (AKI) [28]. Effective management
of cisplatin-induced AKI would be promising to move the cisplatin-based
anticancer strategy forward. Herein, being inspired by the kidney tar-
geting property of PCurNP, we sought to determine if kidney targeted
delivery of curcumin contained nanoconjugates could restore the renal
function in cisplatin-induced AKI. As shown in Fig. 6A, AKI treatment
using PCurNP M10 efficiently normalized serum creatinine level to be
0.37 £+ 0.06 mg/dL (0.23 + 0.11 mg/dL in health mice), while the value
reached 0.87 £+ 0.11 mg/dL in the group of cisplatin (15 mg/kg) induced
AKI. Blood urine nitrogen (BUN) test also confirmed the alleviated
kidney damage (Fig. 6B). When increasing the cisplatin concentration
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Fig. 4. (A) Dynamic PET imaging. Selected frames showing the maximum intensity projection (MIP) images from dynamic PET imaging of mice injected with 89Zr-
PCurNP M10. Time-activity curves of 897r-PCurNP M10 in different major organs of Spleen (B), Blood (C), Liver (D), and Kidney (E). (F) A table summarized the two-

compartment model fitting result of 8°Zr-PCurNP M10 in heart and liver.

(20 mg/kg), the creatinine level of tested animals was higher than 1
mg/dL. In this case, PCurNP did not show the ability to reduce creatinine
levels (creatinine value was > 1 mg/dL). According to the histology
results (Fig. 6C, D and Fig. S11), the renal tubular cells indicated ne-
crosis (blue arrows 1) and shed into the lumen (red arrows 2), exposing
the tubular basement membrane (green arrows 3). Also, large amounts
of colloidal protein tubules in renal tubules were confirmed and the
tubular revealed dilatation and protein casts (asterisk). The tubular
injury score also confirmed the successfully restored renal function by
using PCurNP M10 to treat cisplatin-induced AKI (Fig. 6E). To further
evaluate the role of PCurNP-delivered curcumin for AKI alleviation, we
tested superoxide dismutase (SOD) levels in the kidneys. Results showed
that AKI animals without treatment displayed severely decreased levels
of SOD, suggesting deteriorating kidney function and loss of oxidative
hemostasis as a result of cisplatin. After treatment with PcurNP M10,
renal SOD levels increased significantly, reaching levels similar to
healthy mice (Fig. S12). Cellular studies verified our in vivo observation,
when challenged with cisplatin, HEK293 cells showed severely damaged
mitocondria, which were mostly intact when protected with PCurNPs
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(Fig. S13). Thus, our result indicated the potential of PCurNP M10 to
restore renal function in AKI mice induced by low concentration
cisplatin.

Recently, there are reports indicating that macrophage-
myofibroblast transition is involved in the progression of chronic kid-
ney [29,30], and lung [31] diseases. In our current study, we did not
observe any involvement of renal fibrosis due to the acuteness of kidney
injury and the short time window of treatment. In the future, the
investigation of macrophage-myofibroblast transition in an extended
period of renal injury models would strengthen our knowledge in
kidney-disease treatment with PCurNPs.

4. Conclusions

Herein, we report the successful synthesis of radiolabelled PCurNPs
with controllable kidney-targeting properties as revealed by dynamic
PET imaging. In murine models of cisplatin-induced AKI, the size-
dependent kidney accumulation of PCurNPs efficiently delivered cur-
cumin to alleviate renal damage and restore kidney function after
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Fig. 6. (A) Creatinine and blood urine nitrogen (BUN) levels of tested animals in the groups of control, cisplatin-induced AKI, PCurNP M10 treatment of cisplatin-
induced AKI. (B, C, D) Histology analysis of collected renal tissues in each group. Cisplatin induced AKI denoted as AKI. (E) Scoring of tubular injury (n = 3-4). The
injuries of tubules were graded from 0 to 4 as follows: O represents no lesion, 1 represents areas of tubular epithelial cells (TECs) swelling, vacuolar degeneration,

necrosis and the loss of brush border involving <25% of cortical tubules; and 2, 3, and 4 indicating the percentage of tubular damage is 25%-50%, 50%-75%, and
more than 75% of the cortical tubules, respectively.

cisplatin insult. We believe PCurNP offers a novel and simple strategy for preclinical nanomedicine and clinical translation.
PET image-guided renal delivery of anti-inflammatory and anti-oxidant
drugs (such as curcumin in this study) and may find broader use in
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