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ABSTRACT: Black phosphorus nanosheets (BPNSs) have been actively employed as nanomedicine agents for photothermal and
photodynamic therapy by virtue of their unique optical properties. However, their chemical reactivity as a competent biomaterial has
not been fully explored yet. Here, we report on the use of BPNSs as reactive oxygen species (ROS) scavengers to cure acute kidney
injury (AKI) in mice. Importantly, in vivo analysis in mice revealed that BPNSs were preferably accumulated in kidney. We found
that BPNSs alleviated oxidative-pressure-induced cellular apoptosis. In a ROS-triggered acute kidney injury (AKI) model, BPNSs
eﬀectively consumed ROS in kidney, demonstrating high eﬃcacy for curing AKI. BPNSs also exhibited excellent biocompatibility
and biodegradability, making them promising candidates for therapeutic treatment of AKI and other renal diseases.
KEYWORDS: black phosphorus nanosheets, antioxidative agent, reactive oxygen species, acute kidney injury, kidney targeting drug delivery

■

INTRODUCTION
As a new class of two-dimensional materials, black phosphorus
nanosheets (BPNSs) 1 have shown great potential in
biomedical applications,2−7 especially in photothermal/photodynamic therapy8 and neurodegenerative disorder therapy,9
which are mostly based on its physical characteristics, such as
shape, size, electronic transport, and optical properties.
However, as one of the most bioactive nanomaterials, BPNSs
hold great chemical reactivity toward reactive oxygen species
(ROS),10 which have not been systematically investigated yet.
Although the importance of inhibiting oxidative stress has been
recognized for decades, the antioxidative treatment has still
been greatly delayed due to the lack of safe and eﬀective
candidates. Therefore, BPNSs as eﬀective antioxidative agents
in vivo for eﬀective therapy are expected to be explored.
Reactive oxygen species (ROS) are a group of free radicals,
reactive molecules, and ions derived from O2, including
superoxide anion radical (O2•−), singlet oxygen (1O2),
hydrogen peroxide (H2O2), and the highly reactive hydroxyl
radical (•OH). Excess ROS are cytotoxic to cellular DNA
which causes progressive oxidative damage and ultimately cell
© 2020 American Chemical Society

death, and dysregulation of ROS can trigger the pathways
toward lysosomal damage, cellular apoptosis, and necrosis.11 In
addition, various diseases have been reported to be associated
with excess ROS, such as acute kidney injury,12 strokes,13
sepsis,14 Alzheimer’s disease,15 and Parkinson’s disease.16 Due
to their high morbidity and mortality, a proper therapy aiming
at ROS consuming will leverage a huge social and economic
impact.
Previous studies in DNA nanomedicine have shown that
ﬂake-like DNA frameworks enable kidney targeting drug
delivery.17,18 Since BPNSs share the same geometrical
framework, this could direct the transportation of BPNSs to
kidney passively. BPNSs have been found to be easily oxidized
into phosphorus oxides in the copresence of water, oxygen, and
light,19−21 which are potentially useful for reducing cellular
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Figure 1. Schematic of BPNS-directed kidney accumulation and following alleviation for AKI. (a) Accumulation of BPNSs in kidney reacted with
ROS to protect the renal function. (b) TEM image of ﬂake-like BPNSs. (c) HAADF-STEM image of ultrathin BPNSs. The arrow indicates the z
direction. (d and e) AFM image of BPNSs and their corresponding height analysis.

Figure 2. Systematical performance of BPNSs for ROS scavenging capability. (a) Raman spectra of BPNSs reacted with H2O2. (b, c) ESR spectra
of BPNSs reacted with •OH and O2•−. (e, f) ROS scavenging eﬃciency of BPNSs for H2O2, •OH, and O2•−, respectively.

shape-dependent transporters for kidney targeting but also as
oxidative protectors from excess ROS damage. Moreover,
unlike conventional nanodrugs, BPNSs function as nanodrugs

ROS. On this basis, a new BPNS-based drug delivery platform
was established in vivo for kidney therapy by scavenging excess
ROS. This work demonstrated that BPNSs can act not only as
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Figure 3. In cellulo protective eﬀect of BPNSs from ROS damage. (a) Cell viability of Hek293 treated with BPNSs at diﬀerent concentrations. (b)
The rescue eﬀect of BPNSs for Hek293 cells under a H2O2 environment. The intracellular ROS content was monitored by DCF as a ﬂuorescence
probe under diﬀerent treatment in four groups: (1) control, (2) BPNSs, (3) H2O2, (4) H2O2 + BPNSs. (c) The ﬂuorescence intensity in each
group was quantiﬁed via ﬂow cytometry. (d) Confocal images of the protection eﬀect of BPNSs against H2O2 in four groups. The upper panel
shows DCF ﬂuorescence intensity, and the lower panel shows the bright ﬁeld of Hek293 cells. The inset scale bar was 50 μm. (e) Quantiﬁcation
analysis of DCF ﬂuorescence intensity from confocal images. The intensities for PBS, BPNSs, H2O2, and BPNSs + H2O2 groups were 0.600 ±
0.209, 0.770 ± 0.402, 2.165 ± 0.211, and 0.822 ± 0.355, and the statistical signiﬁcance compared with the H2O2 group is shown (***P < 0.001).

and bulk black phosphorus, whereas the slightly red-shifted
Raman modes in BPNSs might originate from the ultrathin
features. According to the above discussion, we concluded that
BPNSs have been successfully obtained.
Considering the crucial role of ROS in the prevalence of
AKI, the scavenging capability of BPNSs to consume ROS was
investigated. To test their robust multiple ROS scavenging
capability, H2O2, •OH, and O2•− were chosen to evaluate their
reactivities with BPNSs. Such antioxidative activity of BPNSs
was measured in Figure 2; •OH was produced by Fenton
reaction with a 1:2:2:1 multiple peak in electron spin
resonance (ESR) spectroscopy. The signal of •OH peaks in
ESR decreased signiﬁcantly upon the addition of BPNSs
(Figure 2b). O2•− prepared by riboﬂavin underwent photodecomposition. With the addition of BPNSs, its ESR signal
also decreased gradually (Figure 2c). The H2O2 scavenging
ability was monitored by Raman spectrum (Figure 2a). Since
BPNSs had characteristic peaks at about 358, 434, and 460
cm−1 and H2O2 had a strong Raman signal around 897 cm−1,
we were able to detect the reaction of BPNSs and H2O2
simultaneously. After the addition of H2O2, the Raman peaks
for BPNSs diminished gradually with incubation time. The
scavenging eﬃciency were collected in Figure 2d−f; we could
conclude that BPNSs were eﬃcient antioxidants to ROS with
around 90% scavenging eﬃciency at 100 μg/mL. Moreover,
the kinetics of reaction with H2O2 was fast enough to complete
H2O2 consumption (1 mM) within 5 min, which is very
powerful in intracellular experiments, as H2O2 is one of the
main sources of cellular ROS (Figure S3). Hence, BPNSs
could be utilized as new antioxidants for fast and eﬃcient ROS
scavenging among antioxidative nanomedicines.
The mechanism of ROS scavenging originated from their
molecular structure. As an elemental phosphorus, BPNSs,
composed with single- or few-layer black phosphorus with

themselves without any payload, which eases their application.
Most importantly, BPNSs will degrade into phosphorus oxides
without any cytotoxicity after completion of their treatment.22
This study provides a novel prospect for the development of
BPNSs as new and eﬃcient antioxidative agents to address the
clinical need for ROS-related therapy (Figure 1a).

■

RESULTS AND DISCUSSION
In this study, BPNSs were prepared through the liquid
exfoliation of bulk black phosphorus in water.8,23 The watermediated exfoliation process can avoid the adsorption of
organic molecules on BPNSs, which promises their further
biomedical applications. The transmission electron microscopy
(TEM) image displayed free-standing nanosheets with a
diameter of several hundred nanometers (Figure 1b). As
shown in Figure S1, dynamic light scattering (DLS) characterization revealed that the prepared BPNSs possessed an average
lateral size of 225.8 ± 4.0 nm and a negative zeta potential of
−22.5 mV. The thickness of BPNSs obtained from atomic
force microscopy (AFM) measurement was 3.8−4.5 nm, which
corresponded to about seven to nine individual black
phosphorus layers (Figure 1d and e). Owing to its excellent
resolution, high-angle annular dark ﬁeld scanning transmission
electron microscopy (HAADF−STEM) was further employed
to interrogate the crystal structure of the prepared BPNSs.
Figure 1c depicted a typical HAADF−STEM image of BPNSs,
where the bright rectangle spots represented two adjacent P
atoms in the wrinkle layer. The atomic arrangement in
HAADF−STEM images clearly indicated good crystallinity of
BPNSs. A slight distortion was introduced during the
exfoliation process, in view of the deviation between the
measured and ideal atomic arrangements along the z direction
(that is, 0.23 nm vs 0.22 nm). Raman measurements (Figure
S2) conﬁrmed the similar characteristic peaks between BPNSs
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Figure 4. Biodistribution of BPNSs in healthy mice and AKI mice. (a) Representative cy5 intensity of in vivo images at diﬀerent time points after
i.v. injection of cy5-BPNSs. (b, c) Fluorescence signal of cy5-BPNSs in heart, liver, spleen, lung, and kidney. The quantities indicated by the color
bar ranged from 320 to 5000 cps in part a and from 320 to 900 cps in part b. (d) ROI analysis of cy5 ﬂuorescence images in AKI mice showing low
uptake of cy5-BPNSs in the heart, liver, spleen, and lung. A gradual kidney accumulation process (red line) was observed. (e) The relative
proportion of BPNSs in kidney among main organs.

images. Besides, the intracellular uptake of BPNSs was also
monitored by confocal images in Figure S4, from 0.5, 2, 4, 8, to
12 h. From the bright ﬁeld channel, we could observe the
gradual uptake of BPNSs by HEK 293 cells. At 0.5 h, only a
few BPNSs were found inside the cell at the membrane area
and the majority of the BPNSs were still located outside of the
cells. From 2 to 8 h, more BPNSs were found to be
endocytosed by HEK 293 cells. At 12 h, the cellular uptake of
BPNSs was so high that only a few BPNSs were found outside
of the cells. Thus, BPNSs could greatly decrease the
intracellular ROS content.
As new nanomedicines, the pathways and destinations of
BPNSs determined their biological behaviors and biomedical
applications. The biodistribution of BPNSs was investigated
through in vivo imaging. Since ﬂuorescence dye could adsorb
on the surface of BPNSs via van der Waals forces with P atoms,
cy5 loaded BPNSs were constructed via adsorption interaction
to indicate the BPNS transportation in vivo. The stability of
cy5-BPNSs was tested ﬁrst via ﬂuorescence assays in Figure S5.
During the ﬁrst 1 h, the cy5-BPNSs barely showed any release
of cy5 from BPNSs; at 6 h, the cy5-BPNS complex still
exhibited a 90% ﬂuorescence signal; after 12 h of incubation,
26% cy5 molecules were released from BPNSs in PBS buﬀer
solution. Then, ﬂuorescence imaging of mice after intravenous
injection of the cy5-BPNS complex was performed. As shown
in Figure 4a, for healthy mice, BPNSs had preferential
accumulations in kidney and the retention signal of cy5 was
highest at 0.5 h, demonstrating the maximum kidney uptake.
From 5 min to 12 h postinjection, the ﬂuorescence intensity of
cy5-BPNSs in the glomerulus gradually decreased, suggesting
that the structures of BPNSs slowly collapsed, cy5 was
released, and the oxidative product PxOyn− along with cy5
passed through the glomeruli. As a comparison in Figure S6,
the control group with cy5 modiﬁed ssDNA, the ﬂuorescence
images showed a weak signal intensity and a short retention
time in kidney which was due to the fact that small ﬂuoresce
molecules could be easily excreted from the kidney. The
pharmacokinetics proﬁle of the Cy5-BPNSs was examined by

weak van der Waals forces, hold great chemical relativities for
molecules. The layer-packed structure of BPNSs enables the
fast electron transfer, and the elemental state provides ease and
fast oxidative reaction to form P−O bonds, which in turn show
their powerful capability of consuming ROS.
We further examined the protective eﬀect of BPNSs in
cellulo from ROS damage. The intracellular ROS was indicated
by 2′,7′-dichlorodihydroﬂuoresceindiacetate (DCF) ﬂuorescent dye, which could be oxidized by ROS to form 2′,7′dichloroﬂuorescein with green ﬂuorescence. First, the cell
viability was quantiﬁed using MTT (3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide) cytotoxicity assay under
diﬀerent concentrations of BPNSs. As shown in Figure 3a,
BPNSs induced a negligible cytotoxicity with concentrations
ranging from 10 to 400 μg/mL. When the cells were
cocultured with H2O2, half of the cells were dead, implying
that the intracellular ROS content signiﬁcantly decreased the
cell viability of Hek293. When BPNSs were added with H2O2,
the cell viability was recovered (Figure 3b). Depending on the
BPNS concentration, 82.7% of the cells were alive in the
presence of 5 μg/mL BPNSs. To validate the intracellular ROS
scavenging of BPNSs, Hek293 cells were incubated with H2O2
for 0.5 h before the treatment of BPNSs; as shown in Figure
3c, the intensities of DCF which indicated the ROS content in
cells were compared in diﬀerent groups via ﬂow cytometry.
When treated with H2O2, the intensity increased from the
control group (PBS), emphasizing the elevated intracellular
ROS; after the addition of BPNSs, the intensity of DCF
decreased signiﬁcantly compared with the H2O2 group,
showing the in vitro protection eﬀect of BPNSs against ROS.
In Figure 3d and e, confocal experiments of H2O2 and BPNStreated cells were conducted to evidence the ROS
consumption of BPNSs. The H2O2 group showed the highest
green ﬂuoresce intensity, as the DCF probe could turn green in
the presence of H2O2; in the presence of BPNSs and H2O2, the
intensity signal was greatly suppressed. The corresponding
statistical analysis was displayed in Figure 3e, which
quantitatively showed the same tendency as that in confocal
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Figure 5. Therapeutic eﬀects of BPNSs for AKI. (a) Blood analysis and body weight change after treatment for AKI. (b) Haematoxylin and eosin
staining of kidney tissues from each group and ﬂuorescence images obtained by in situ TUNEL assay, where green ﬂuorescence indicated the
cellular apoptosis. The CRE values for the normal, AKI-PBS, AKI-BPNSs, AKI-amifostine, and AKI-NAC groups were 13.66 ± 6.45, 43.74 ± 18.24,
13.76 ± 5.47, 44.43 ± 4.80, and 50.26 ± 18.54, respectively; the BUN values for the normal, AKI-PBS, AKI-BPNSs, AKI-amifostine, and AKI-NAC
groups were 7.00 ± 0.85, 33.20 ± 9.03, 13.25 ± 2.85, 34.72 ± 5.94, and 31.24 ± 4.80, respectively; the body weight change values for the normal,
AKI-PBS, AKI-BPNSs, AKI-amifostine, and AKI-NAC groups were 104.86 ± 1.24, 90.12 ± 3.40, 96.35 ± 2.45, 98.23 ± 3.61, and 101.02 ± 2.45,
respectively; and the statistical signiﬁcance compared with the AKI-PBS group is shown accordingly (*P < 0.1, **P < 0.01, ***P < 0.001).

ﬂuorometry to determine the concentrations in blood at
diﬀerent time intervals postinjection in Figure S7. Blood
circulation of the BPNSs obeyed the typical two-compartment
model. After the ﬁrst phase (distribution phase, with a rapid
decline) with a half-life of only 1.3 min, the BPNSs in
circulating blood exhibited a long second phase (elimination
phase, the predominant process for BPNS clearance) with a
half-life of 125.7 min. Therefore, this ﬂake-like morphology
endowed BPNSs a new ability to be transferred to kidney
passively in vivo.
It is reported that nanomedicine carriers, including metal
nanoparticles, polymers, liposomes, and DNA nanostructures,
have been found to produce diﬀerent biodistribution patterns
after intravenous injection.24 As for DNA rectangular
nanostructures with a designable framework and controllable
size and shape (90 nm × 60 nm × 2 nm), their morphology
could facilitate the kidney accumulation;17 meanwhile, BPNSs
also had a big planar area with hundreds of nanometer size
(Figures 1b and S1) and a relative low thickness (4 nm).
Therefore, based on the topographical similarity of BPNSs and
DNA rectangular origami nanostructures, we would attribute
this passive kidney targeting ability to the two-dimensional soft
nanomaterials with high planar/thickness ratio. Besides, the
size of BPNSs, characterized by TEM and AFM in schematic
and Figure 1b and d, ﬁt in the renal ﬁltration range, once again

validated the kidney transportation.25 From this point view, we
not only developed a new BPNS-based method for kidney
therapy but also established a new principle underlying kidney
targeting and selective accumulation to facilitate the kidney
drug delivery, which have been underestimated for a long
time.26 This founding emphasized the importance of
correlations between “structure−function”, which enabled the
kidney targeting of designer nanomedicine.
Then, the feasibility of BPNSs to cure AKI was investigated
in AKI mice. To ﬁrst test the biodistribution of BPNSs in acute
kidney injury mice, we established a glycerol-induced AKI mice
model through intramuscular injection of 50% glycerol into
dehydrated healthy mice in Figure S8.12,27,28 Since BPNSs
could be directed to the kidney, we evaluated the antioxidative
protection eﬀect from kidney in a ROS caused AKI mice.
Massive ROS were generated postinjection and in turn
damaged the renal tubules, which induced AKI. We then
injected cy5-BPNSs into AKI mice and performed in vivo
scanning to monitor their biodistribution after 2 h later from
the induction in Figure 4a. AKI mice exhibited the same
kidney accumulation as the healthy mice group. During the 1 h
postinjection, BPNSs started to show rapid transportation into
kidney at 5 min and maximal kidney uptake signal at 1 h. The
cy5 signal indicated the gradual renal accumulation of BPNSs
in AKI mice; however, the signal diminished at 12 h
1451
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produced from the oxidation of 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) molecules (ABTS), were chosen as
a representative ROS. When mixed with BPNSs and NAC at
the same concentration, the absorbance of ABTS radicals at
734 nm was monitored in Figure S9a and b. Both BPNSs and
the NAC group showed ROS elimination eﬀects when
incubated with ABTS. However, the inhibition ratio of
BPNSs for ABTS radicals was up to 80%, which is twice as
much as the NAC group. This analysis underlies the better
therapeutic eﬀects of BPNSs than NAC.
Furthermore, hematoxylin and eosin (H&E) staining of
kidney tissues was performed to provide a direct treatment
eﬀect of BPNSs for AKI mice. As shown in Figure 5b, a large
area of damage, including damaged tubules and formation of
casts, was indicated as arrows and asterisks in the AKI mice
group in the kidney section. However, in the BPNS-treated
group, no damage area was observed after the treatment of
BPNSs, emphasizing the protective eﬀect in preventing AKI
damage. Notably, both clinical drugs at 1.2 mg/mL dose did
not elicit the full therapeutic eﬀect for AKI mice.31 In addition,
cellular apoptosis has been well reported to be associated with
AKI; the ﬂuorescence images obtained using the in situ
TUNEL assay presented the highest level of cell apoptosis in
the kidney harvested from the AKI mice (Figure 5b),
indicating that BPNSs can reduce the level of cell apoptosis
in tissues. Therefore, BPNSs were validated to produce direct
and rapid protection of kidneys in AKI murine mice.
Since the clinical drug for AKI suﬀered from diﬀerent side
eﬀects,32,33 the potential of clinical translation of BPNSs was
evaluated, due to the fact that BPNSs were of low cytotoxity
with high ROS scavenging capability. Hence, the biosafety of
BPNSs toward ROS was tested. First, we identiﬁed the
oxidative products of BPNSs through inductively coupled
plasma (ICP) emission spectroscopy analysis and X-ray
photoelectron spectroscopy (XPS) tests. It was reported that
BPNSs could be easily degraded into biocompatible ions (such
as phosphite ion, phosphate ion, and other PxOy species)21
without any residual in the presence of ROS,8 which showed
no obvious biocytotoxic eﬀect to cells and tissues. As shown in
Figure S10, 2 mg of BPNSs was dispersed into 100 mL of
H2O2 solution (1 mM) under continuous stirring. Three mL of
the solution was taken out with a time interval of 5 min and
was then centrifuged and ﬁltered to remove the unreacted
BPNSs. The concentration of total phosphorus compounds
(including phosphate, phosphite, and their hydrolysates) in the
residual solution was detected by ICP tests, which showed that
the concentration of PxOy species increased with the
incubation time from 5 to 25 min (Figure S10a). The
concentration of total phosphorus compounds at 5 min did not
ﬁt in the linear relationship, mainly due to the fact that
relatively small size nanosheets oxidized from BPNSs survived
to the centrifuge and ﬁltration, which could further produce
phosphorus compounds. Then, under the same experimental
conditions, XPS tests were conducted. The degree of oxidation
of BPNSs (PxOy species) was detected in Figure S10b. We
further tested the oxidation products of BPNSs via infrared
spectrum after treatment of H2O2. As shown in Figure S11,
oxidative BPNSs had strong IR peaks at 1070 and 1179 cm−1,
which were attributed to HPO32− and H2PO4−.34,35 Thus,
BPNSs could be easily oxidized into biocompatible ions owing
to their chemical composition, which further demonstrated
that BPNSs possessed excellent biocompatibility and biodegradability. Then, to better interrogate their biodegradation in

postinjection, which is mainly due to the limited penetration
distance ascribed to cy5 ﬂuorescein. Compared with healthy
mice, the cy5 signal had a relatively slow accumulation proﬁle
in AKI murine mice, which indicated the suppressed renal
clearance and enhanced whole body retention of BPNSs.
We then harvested the kidneys of AKI mice at 12 h
postinjection. The cy5 intensities in diﬀerent organs were
shown in Figure 4b and c; we found the main accumulation of
BPNSs in kidney, indicating the passive targeting of BPNSs to
kidney in AKI mice. In Figure 4c, we quantiﬁed the BPNS
sample uptake in heart, liver, spleen, lung, and kidney via
ﬂuorescence signal, and dominant kidney content was found,
which suggested the excellent kidney targeting ability. The
relatively low cy5 intensities in heart, liver, spleen, and lung
collectively meant the low uptake of BPNSs in these organs;
meanwhile, the relative higher uptake of BPNSs in kidney was
demonstrated. ROI analysis of BPNS-injected AKI mice was
conducted in Figure 4d and e and demonstrated that the renal
system in AKI mice extracted BPNSs slowly over the 12 h time
period. At 3 h post injection, about 60% BPNSs concentrated
in kidneys of AKI mice among the main organs, including
heart, liver, spleen, lung, and kidney. After 12 h post injection,
the kidney portion increased to 80%, mainly due to the
suppressed renal clearance of cy5-BPNSs of AKI mice, which
was in correspondence with the clinical symptoms of kidney
dysfunction.
Based on the in vitro ROS scavenging eﬀect of BPNSs and in
vivo biodistribution of BPNSs, we concluded that the
preferential accumulation of BNPNs in kidneys could
eﬀectively protect kidneys from ROS damage and cure AKI.
To evaluate the treatment potential of BPNSs for AKI, we ﬁrst
performed the blood analysis. Since serum creatinine (CRE)
and blood urea nitrogen (BUN) are clinical determinations of
renal function,29 we tested CRE and BUN levels of mice in
Figure 5a. As a comparison with the AKI mice group, which
showed the highest value for both tests, the BPNS-treated AKI
group had an obvious reduced level, indicating the alleviated
ROS content and recovery of renal functions. Meanwhile, the
body weight of the BPNS-treated group showed a similar
tendency as the CRE and BUN tests. All of these results
demonstrated the dysfunction of the renal system in AKI mice
and the eﬃcient protection eﬀect of AKI by BPNSs.
Meanwhile, two clinical antioxidant drugs for AKI, amifostine
and N-acetylcysteine (NAC), were both utilized as the positive
control groups.30 However, when the injection dose was as low
as 1.2 mg/mL, both groups could not produce remarkable
treatment for AKI mice shown in Figure 5a, whereas, for the
BPNS group with the same dose, it could suppress high levels
of CRE and BUN index, which indicated the recovery of renal
function and the better therapeutic eﬀect of BPNSs for AKI
mice. We then measured the change in body weight. The
results showed that healthy mice gained approximately 4.8%
body weight in 24 h, while the negative control group which
was treated with PBS lost 9.9% body weight during the same
time, suggesting the clinical eﬀect of AKI and lack of eﬃcacy
for PBS, However, treatment of AKI with BPNSs prevented
weight loss in AKI mice. The reduced dose of amifostine and
NAC groups did not suﬃce to recover the renal function;
however, they both showed an increase of body weight
compared with the control group, probably due to the minimal
therapeutic eﬀect. To compare the therapeutic eﬀect of BPNSs
and NAC, we have also tested the ROS scavenging capability
of BPNSs and NAC in Figure S9. ABTS radicals, which were
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vivo, the biocytotocity of BPNSs was tested in a H&E staining
experiment for diﬀerent organs shown in Figure S12. It turned
out that no obvious damage was found in heart, liver, spleen,
lung, and kidney, which once again conﬁrmed their biosafety.
The superoxide dismutase (SOD), alanine aminotransferase
(ALT), aspartate aminotransferase (AST), and alkaline
phosphatase (AKP) of the BPNS-treated group were collected
for evaluation of the function of liver and kidney.36,37 First,
similar levels of SOD were found in the PBS, BPNSs,
amifostine, and NAC groups, indicating that BPNSs,
amifostine, and NAC all act as reductants to neutralize ROS
and restore SOD levels and further protect the renal cells of
AKI mice. Second, AST and ALT levels are two clinical indices
for liver health. Comparable levels of AST, ALT, and AKP in
the BPNSs, amifostine, and NAC treatment groups and the
PBS group were observed, which indicated alleviated liver
injury in the BPNSs, amifostine, and NAC treatment groups.
Besides, the hematology indices of mice appeared to be normal
when compared with the control group. The above results
suggested that BPNSs displayed excellent compatibility and
therefore were promising nanoantioxidants for AKI treatment.
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■

CONCLUSION
In summary, we developed a new BPNS-based method for
kidney therapy, such as AKI, and further established a new
kidney targeting principle to facilitate the kidney drug delivery.
BPNSs had been veriﬁed here to act as antioxidative agents
both in vitro and in vivo due to their intriguing reducibility
with suﬃcient and accessible reductive molecules which laid
the foundation of utility of BPNSs as antioxidative nanomedicines to alleviate ROS caused by AKI. We found that the
most distinguished virtues of BPNS-directed kidney therapy
lay in their ﬂake-like framework, high ROS scavenging ability,
and minimal in vivo cytotoxity, which were hard to achieve
simultaneously by other nanomedicines made of either metal
nanoparticles or polymers. The unique physical geometry of
BPNSs, such as their size, shape, and charge, ensured the
kidney targeting in mice, and the chemical reactivity of BPNSs
could act as an eﬃcient antioxidant to reduce the ROS in
kidney under physiological conditions. Moreover, the ﬁnal
products of BPNSs after fulﬁlling the protective function were
biocompatible PxOy ions, which were non-biotoxic. These
exciting features made BPNSs very promising drug candidates
to suppress oxidative stress in ROS-related diseases. We
envision this work could expand the biomedical applications of
BPNSs and provide new insights of nanomedicine for renal
disease treatment.
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