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ABSTRACT: Early detection of drug-induced acute kidney injury (AKI) is L
crucial for effective treatment and prevention of further injury. It remains
challenging, however, because of the lack of activatable indicators with
multimodality imaging capability that could increase the accuracy of diagnosis
by mutual verification. Herein, we report an activatable probe, FDOCI-22,
that enabled dual-modality detection of the early-stage drug-induced AKI.
FDOCI-22 was completely soluble in water and highly sensitive to
hypochlorous acid (HOCI). Dramatic increases of both near-infrared
(NIR) emission and absorption were observed after reaction with HOCL. A
correlation between HOCI concentration and drug-induced AKI was
established using FDOCI-22 as a tool. As a consequence, the HOCI-
activated probe was able to detect the early-stage drug-induced AKI by dual-
modality imaging, irrespective of the drug stimulation time or dosage, by
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combining NIR fluorescence and photoacoustic imaging.

KEYWORDS: activatable fluorescent probe, biosensor, dual-modality imaging, early detection, drug-induced acute kidney injury

he kidney, one of the most important organs in the body,
plays an essential role in the clearance of endogenous
waste substances and xenobiotics.! It is, however, vulnerable to
injury by commonly used drugs. Acute kidney injury (AKI) is a
common but serious clinical disease that is associated with high
morbidity and mortality.” > In an epidemiological survey,
drug-induced AKI accounted for about 30% of AKI clinical
cases.” The commonly used methods for clinical detection of
AK], including routine blood examination (serum creatinine
(CREA) and blood urea nitrogen (BUN)), do not easily
identify early-stage AKL”® Indeed, irreversible damage may
have occurred before the disease is diagnosed. Therefore, early
detection of drug-induced AKI is necessary for the effective
prevention of kidney damage and the treatment of the disease.
Cisplatin (dichlorodiamino platinum), a widely used
universal agent for cancer treatment, has been proven to
cause severe kidney injury.” Although the pathophysiological
mechanisms of drug-induced AKI are multifactorial, some
studies have shown that cisplatin-induced AKI may be due to
cell apoptosis and inflammation caused by oxidative
stress.'’”'” This suggests that direct detection of reactive
oxygen species (ROS), produced during oxidative stress, may
be a good strategy for the identification of early-stage drug-
induced AKI. In fact, there have been several excellent
attempts to diagnose related diseases using ROS-activated
probes in recent years. These activatable probes have
advantages that include low background noise and real-time
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detection."” ™' Especially, Pu et al. have recently exploited a
series of molecular fluorescence/chemiluminescence probes
with high renal clearance efficiency for detecting disease
biomarkers in kidney injury.”>~>° Zhang et al. first tracked
fluctuations of O,°” levels during drug-induced AKI and then
visualized fluctuations of endogenous hypochlorous acid
(HOCI) resulting from drug-induced acute nephrotoxicity.”**’
These studies indicated that the identification of a specific
ROS could be an important breakthrough for the detection of
early-stage drug-induced AKI.

Activatable probes that combine fluorescence imaging with
other imaging modalities are needed for a precise diagnosis of
drug-induced AKI since mutually noninterfering imaging
methods can improve the accuracy of early detection.”
However, the recently reported activatable probes for the
diagnosis of drug-induced AKI are limited by their reliance on
fluorescence as the only readout. There is therefore an urgent
need to develop probes that combine multiple imaging
modalities to achieve detection of early-stage drug-induced
AKI.
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“(A) Reaction mechanism of HOCI activatable fluorescent probes. (B) Structural modification and (C) diagrammatic sketch of dual-modality

detection of early-stage drug-induced AKI in this work.

We have invested much effort in the development of
fluorescent probes for several years, especially ROS-related
probes.”” ™ In recent work, we successfully developed a series
of activatable fluorescent probes using methylene blue (MB) as
the fluorophore.’® It was also reported that MB was a good
reagent for photoacoustic (PA) imaging.””*® The advantages
of PA imaging include increased penetration depth and spatial
resolution in vivo.””*" In this report, we designed and
synthesized two HOCI-activated probes, FDOCI-21 and
FDOCI-22, through structural modification based on our
previous work (Scheme 1). FDOCI-22 was completely soluble
in water and showed remarkable near-infrared (NIR) emission
and absorption changes upon the addition of HOCI, with high
selectivity and sensitivity. Using FDOCI-22, we found that the
level of HOCI was closely correlated with drug-induced AKI.
Moreover, FDOCI-22 could be used as a tool to detect early-
stage drug-induced AKI and to assess the extent of drug-
induced AKI by combining NIR fluorescence (NIRF) and PA
imaging.

B RESULTS AND DISCUSSION

Design of the Probes. Because the aim was to build
HOCl-activated probes with dual fluorescence and photo-
acoustic imaging capability, the fluorophore was required to
exhibit dramatic changes of both NIR emission and absorption.
Recently, we have developed a platform for building functional
fluorescent probes based on the MB fluorophore by switching
between MB and LMB (leucomethylene blue, caged MB).* In
the presence of HOCI, probes derived from this platform
release MB fluorophore that is accompanied by remarkable
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changes in NIR emission and absorption (Scheme 1A). This
platform was therefore suitable for designing our desired
probe. Additionally, there have been literature reports that
compounds with high water solubility are more likely to be
enriched in the kidney.*""**

Two new probes, FDOCI-21 and FDOCI-22, were designed
and synthesized using our reported platform, incorporating
hydrophilic groups to enhance water solubility (Scheme 1B).
The synthetic details and characterization of these probes are
provided in the Supporting Information. Their structures were
confirmed by nuclear magnetic resonance (NMR) spectrosco-
py and high-resolution mass spectrometry (HRMS) as shown
in Figures S1—S6 in the Supporting Information. Fortunately,
FDOCI-22, which contained a longer ethylene glycol chain,
was completely soluble in water without requiring any organic
cosolvent (Table S1). Therefore, FDOCI-22 is an ideal probe
for further biological application.

Spectral Response of the Probes to HOCI. The stock
solution of FDOCI-22 (1 mM) was prepared in pure deionized
water, while the dissolution of the analogue containing a
shorter ethylene glycol chain (FDOCI-21) required the
addition of ethanol as a cosolvent (details are provided in
the Supporting Information). The response of the probes to
HOCI in vitro was studied by spectroscopy under simulated
physiological conditions (10 mM phosphate-buffered saline
(PBS), pH 7.4). As shown in Figure 1A, the fluorescence
intensity of FDOCI-22 in the range of 640—800 nm increased
dramatically upon addition of different concentrations of
HOCI. The absorption of FDOCI-22 in the range of $50—700
nm also increased remarkably, with a maximum absorbance at
664 nm after the addition of 10 uM HOCI (80-fold increase;
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Figure 1. (A) Fluorescence spectra of FDOCI-22 (S yM in 10 mM
PBS, pH 7.4) in the presence of different concentrations of HOCI (0,
2, 5,7, and 10 uM). (B) Absorption spectra of FDOCI-22 (5 uM in
10 mM PBS, pH 7.4) before and after adding HOCI (10 uM). (C)
Fluorescence intensity of FDOCI-22 (S uM in 10 mM PBS, pH 7.4)
with different concentrations of HOCI (1, 2, 3, 4, and 5 uM) at 686
nm. (D) Time-dependent changes in the fluorescence intensity of
FDOCI-22 (S uM) at 686 nm after adding HOCI (10 uM) (A = 620
nm). (E) Photoacoustic images of FDOCI-22 aqueous solution (1:
PBS buffer; 2: 50 uM FDOCI-22 with 100 uM HOCI; 3: 100 uM
FDOCI-22 with 200 uM HOCI; 4: 150 uM FDOCI-22 with 300 uM
HOCI). (F) Quantification of PA signal intensity in (E) (4 = 680
nm).

Figure 1B), indicating the formation of the MB fluorophore
(further confirmed by HRMS and high-performance liquid
chromatography (HPLC) analysis; see Figures S7 and S8).
The detection limit of the FDOCI-22 response to HOCI was
20.7 nM based on the 36/k method (Figure 1C). In addition,
the response time of the probe to HOCI was <25 s (Figure
1D). The response of FDOCI-22 to HOCI was comparable to
those of FDOCI-21 and our reported probes (Figure S9).
These data illustrated that the enhancement of water solubility
did not affect the performance of the probe (Table S1).
FDOCI-22 maintained high sensitivity to HOCI in aqueous
media compared with similar probes.

The selectivities of FDOCI-21 (5 uM) and FDOCI-22 (5
uM) toward HOCI were then determined by evaluating
fluorescence intensity and absorbance changes before and after
the addition of HOCI or other ROS/reactive nitrogen species
(RNS). As shown in Figures S10 and S11, even high
concentrations of ROS/RNS (H,0,, TBHP, NO, *OH, O,",
ROO*, t-BuOO0*, and ONOOT, 20 uM, 4 equiv) did not cause
obvious changes of fluorescence intensity or absorbance.
Remarkably, of the tested substances, only HOCI induced a
significant enhancement of fluorescence and absorption.
Although the reactions between amides and °*OH were
reported, most of those reactions are structure-dependent
and required harsh reaction conditions, such as hot alkali, high
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temperature, enzymes, and strong acidic conditions.”’ In the
present work, the insensitivity of FDOCI-21 (5 M) and
FDOCI-22 toward *OH may be because the experimental
conditions that mimic the normal physiological conditions do
not meet the requirements of harsh condition for the reaction
between *OH and amide. Indeed, in the reported *OH probes
containing amide groups, the amide was not the reaction
site.””** Moreover, singlet oxygen (10,) will not interfere with
the response of probe FDOCI-22 toward HOCI (Figures S12
and S13). These results indicated that the probes had good
selectivity for HOCL

For broader biological applications, the impact of pH on the
detection of HOCI by the probes was evaluated. As shown in
Figure S14, the change in fluorescence intensity of the probes
induced by 10 uM HOCI (2 equiv) was constant in the range
of pH 3—10. Moreover, the stability of FDOCI-22 in different
buffers, nutrient solution, and urine was evaluated over various
times (Figure S15). No significant changes in fluorescence of
FDOCI-22 (5 M) were observed, even after 12 h in these
media, indicating that FDOCI-22 was sufficiently stable in
physiological environments. These results demonstrated that
FDOCI-22 could be used for the detection of HOCl in a wide
variety of physiological environments.

Because the absorption by FDOCI-22 in response to HOCI
exhibited remarkable changes in the range of 550—700 nm, the
PA signals of FDOCI-22 solutions (0, 50, 100, and 150 uM)
incubated with different concentrations of HOCI were then
measured using a light source at 680 nm. As expected, the PA
signals were enhanced as the FDOCI-22 concentration was
increased (Figure 1E,F). The results indicated that the HOCI-
activated probe, FDOCI-22, was capable of dual-modality
fluorescence and photoacoustic imaging.

Fluorescence Imaging of HOCI in Cisplatin-Induced
Apoptosis Using FDOCI-22. Oxidative stress, which is
accompanied by increased ROS, has been proven to be a major
contributory mechanism in the pathogenesis of drug-induced
renal injury.*~* To further understand the pathology of
cisplatin-induced AKI, we used our probe with a specific cell
model to explore whether HOCI was produced during drug-
induced apoptosis. Macrophages were selected as the model
cells because they can sense tissue damage and induce innate
immunity. These cells are an important source of many
cytokines that have been identified as drivers of inflamma-
tion.**

Apoptosis was stimulated using cisplatin at different
concentrations for various time periods and monitored by
flow cytometry. As shown in Figure 2A (al—a3), when
RAW264.7 cells were exposed to 500 and 1000 uM cisplatin
for 5 h, the number of apoptotic cells increased to 26.2 and
42.5%, respectively, compared with 2.2% in the negative
control group. After incubation with 500 and 1000 uM
cisplatin for 10 h, apoptosis increased to 71.5% (69.1% early
apoptotic cells) and 76.8% (73.8% late apoptotic cells),
respectively (Figure 2A, a4,aS). This confirms that cisplatin-
induced apoptosis in a dose-dependent manner.

There is extensive evidence for the role of HOCI in
apoptosis.””~>* The correlation between HOCI concentration
and apoptosis was therefore evaluated by flow cytometry and
confocal laser scanning microscopy (CLSM). As shown in
Figure 2A (a6), when RAW264.7 cells were exposed to 100
uM HOCI for 15 min, more than 45% of the cells were
apoptotic, so this system could be selected as an apoptosis
model. The production of HOCI during cisplatin-induced
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Figure 2. (A) RAW264.7 cell distributions with Annexin V-FITC/PI uptake measured by flow cytometer. (al) Cells without any stimulation; (a2)
with 500 M cisplatin for § h; (a3) 1000 uM cisplatin for 5 h; (a4) S00 uM cisplatin for 10 h; (aS) 1000 uM cisplatin for 10 h; cisplatin is in
serum-free medium; (a6) cells incubated with 100 uM HOCI in PBS (pH 7.4) for 1S min (B1: dead cells, Annexin V negative/PI positive; B2: late
apoptotic cells, Annexin V positive/PI positive B3: living cells, Annexin V negative/PI negative; B4: early apoptotic cells, Annexin V positive/PI
negative). Numbers in the respective quadrant profiles indicate the percentage of the cells present in this area. CLSM images of live RAW264.7 cells
prestimulated with cisplatin for (B) S h and (C) 10 h and then treated with 10 M FDOCI-22 (cells were treated with b1, bl’, c1, c1’: FDOCI-22
only; b2, b2/, 2, c2: 500 uM cisplatin; b3, b3’, ¢3, c3’: 1000 uM cisplatin; b4, b4, c4, c4': preincubated with LC (500 uM) and bS, bS’, ¢S, ¢S5’
LC (1000 uM) in the presence of 1000 uM cisplatin); b1’—bS’ and c1’—cS’ are merged images of b1—bS and c1—c5 with bright field, respectively;
(b6) and (c6) histograms presenting the average fluorescence intensity in (B) and (C), respectively. Scale bar = 10 ym. (D) Schematic illustration
of cisplatin-induced AKI.

Cell apoptosis

apoptosis was then studied using FDOCI-22 by CLSM. As
shown in Figures 2B,C (blbl’, and cl,cl’, respectively),
RAW264.7 cells incubated with 10 uM FDOCI-22 alone for 30

min showed no fluorescence signal. The fluorescence dose-
dependently increased significantly when the cells were
preincubated with different concentrations of cisplatin (500
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Figure 3. (A) Fluorescent imaging of kidney of mice (al) only intravenously injected with FDOCI-22 (200 yL X 0.5 mM) for 45 min; (a2)
injected intraperitoneally with cisplatin (20 mg/kg) for 48 h and then intravenously injected with FDOCI-22 (200 uL X 0.5 mM) for 45 min; (a3)
pretreated with LC (500 mg/kg, 24 h) before injected intraperitoneally with cisplatin (20 mg/kg) for 48 h and then intravenously injected with
FDOCI-22 (200 uL X 0.5 mM) for 45 min; and (a4) average fluorescence intensity output of the group. (al’—a3’) TNF-a staining images of
kidney in panels (al)—(a3). Values are the mean + s.d. for n = S. Fluorescent images of major organs of (B) healthy mouse and (C) AKI mouse
model (injected intraperitoneally with cisplatin 20 mg/kg for 48 h) intravenously injected with FDOCI-22 (200 L X 0.5 mM) for different times
(b1—b4 and cl1—c4: 0, 30, 4S, 60 min, respectively, and bS and cS: average fluorescence intensity output of the group (1: heart, 2: liver, 3: spleen, 4:
lung, S: kidney)). (D) In vivo PA imaging of cisplatin-induced AKI mice (20 mg/kg, 48 h) in the kidney at different time points after intravenously
injected with FDOCI-22 (200 L X 0.5 mM); the histogram is the PA intensity of kidneys at different time points (PA,: PA intensity at different
time points; PA,: PA intensity at O min; n = 3 per group). Scale bar = 3 mm. Values are the mean = s.d. for n = §, ***p < 0.001. NS: not significant.

and 1000 M) for S h and then treated with FDOCI-22 for 30
min (Figure 2B, b2,b2’, and b3,b3’, respectively). When the
preincubation time with cisplatin was increased (500 and 1000
uM for 10 h), the fluorescence intensity of FDOCI-22 became
much stronger than that after S h preincubation (Figure 2C,
c2,c2’ and ¢3,c3’). To further verify the relationship between
changes of fluorescence intensity and drug-induced AKI, L-
carnitine (LC), an antioxidant that inhibits cisplatin-induced
oxidative injury in cells,”” was co-incubated with cisplatin (500
and 1000 uM). As shown in Figure 2B (b4,b4’, and bS,bS’)
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and 2C (c4,c4’ and c5,c5’), the fluorescence signal decreased
as the concentration of LC was increased. Furthermore, we
also detected HOCI produced by neutrophils stimulated by
cisplatin. As shown in Figure S16, the fluorescence intensity
dose-dependently increased significantly when the neutrophils
were incubated with different concentrations of cisplatin (300,
500, and 1000 uM) for 2 h. These data demonstrated the
production of HOCI during drug-induced apoptosis (Figure
2D). From the cell experiments, we could conclude that the
production of HOCI during drug-induced apoptosis was

https://dx.doi.org/10.1021/acssensors.0c00640
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Figure 4. (A) Fluorescent images of the kidney of a series of mice intraperitoneally injected with cisplatin of varying concentrations (0, 10, 20, and
40 mg/kg) for different time periods (12, 24, 48, and 72 h) and then intravenously injected with FDOCI-22 (200 L X 0.5 mM) (left) and average
fluorescence intensity output of the groups (right). (B) Changes in serum biomarkers of different models determined using commercial kits. These
data are the mean + s.d.;; n = 3 independent experiments for BUN, CREA, and UA. The gray part indicates the normal fluctuation. In vivo PA
imaging of cisplatin-induced AKI mice (C: 10 mg/kg, 48 h; D: 20 mg/kg, 24 h) in the kidney at 0 and 40 min after intravenously injected FDOCI-
22 (200 uL X 0.5 mM); the histogram is the corresponding PA intensity of kidneys at 0 and 40 min (PA,: PA intensity at 40 min; PA,: PA intensity
at 0 min; n = 3 per group). (E) Schematic illustration of the detection timeline of FDOCI-22 comparing clinical assay. Scale bar = 3 mm. **p

<0.01, ***p <0.001.

dependent on both dosage and injury time. Thus, HOCI may
be used as a marker for the detection of early-stage drug-
induced AKI.

Biocompatibility Studies of FDOCI-22. The biocompat-
ibility of FDOCI-22 was evaluated in cells and in vivo. The
cytotoxicity of FDOCI-22 toward RAW264.7 macrophages
was determined using the cell counting kit-8 (CCK-8) assay.
The results indicated that FDOCI-22 had no toxic effects on
RAW264.7 cells after 12 or 24 h of exposure (Figure S17).
Additionally, the potential side effects of FDOCI-22 were
evaluated by serum biochemistry analysis and hematoxylin and
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eosin (H&E) staining assays. According to the H&E staining
results, FDOCI-22 did not induce any obvious pathological
damage to major organs compared with the control group
(Figure S18). Serum biochemical analysis in healthy mice
indicated that their blood indexes were not significantly
changed compared with the control group at 3 and 26 h after
injection of FDOCI-22 (Figure S19). Furthermore, renal
function was not affected by FDOCI-22 at 3 and 26 h after
injection (Figure S20). All of the data confirm that FDOCI-22
has good biocompatibility.
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Dual-Modality Imaging of FDOCI-22 in a Mouse
Model of Drug-Induced AKI. The excellent performance
exhibited by FDOCI-22 in vitro guarantees its application for
the detection of drug-induced AKI in vivo. First, the in vivo
distribution of FDOCI-22 was studied. Healthy mice were
injected with FDOCI-22, after which the main organs were
harvested and incubated with HOCI (100 M, 30 min) for
fluorescence imaging. The fluorescence of these organs was
compared with that of the control group (without FDOCI-22).
A significant difference in fluorescence signal was only
observed in the kidneys (Figure S21). According to the report
of literature, the probe was most likely posited at kidney
tubules rather than glomeruli because the tubules were at the
frontline of clearance of nephrotoxin and vulnerable to be
injured by commonly nephrotoxin exposure.”””> The results
indicated that our design strategy was feasible and that the
probe, FDOCI-22, was enriched in the kidney.

FDOCI-22 was then used to image cisplatin-induced AKI in
a mouse model. Fluorescence changes in the kidney were
tested at different times after injection of FDOCI-22 (200 uL,
0.5 mM) through the tail vein of mice 48 h after
intraperitoneal injection of cisplatin (20 mg/kg). As shown
in Figure S22, the fluorescence intensity in the kidney
increased time-dependently during 45 min and remained
stable until 60 min. We, therefore, chose 45 min after injection
via the tail vein for subsequent studies.

To verify that the fluorescence intensity changes were
related to cisplatin-induced AKI, the effects of LC were
evaluated in vivo. The kidneys of mice pretreated with cisplatin
(20 mg/kg, 48 h), followed by intravenous injection of
FDOCI-22, exhibited fluorescence enhancement compared to
the control group. However, the fluorescence signal was
decreased in the mice pretreated with LC (500 mg/kg) for 24
h before cisplatin treatment (Figure 3A: al—a4). In addition,
TNF-a immunostaining analysis indicated that the severity of
kidney inflammation induced by cisplatin was significantly
higher than that in healthy or LC pretreated mice (Figure 3A:
al’—a3’), which was consistent with the observed fluorescence
intensity changes. Moreover, we also performed the IL-6
immunostaining of different models of mice and IL-6
overexpressed in kidney injury (Figure S23). These data
illustrated that the fluorescence intensity changes of FDOCI-
22 were strongly correlated with cisplatin-induced AKI.

The biodistribution of FDOCI-22 was further confirmed by
comparison of the fluorescence images of healthy mice and the
mouse model of drug-induced AKI.

As shown in Figures 3B and S24, the fluorescence of the
main organs was unchanged after the injection of FDOCI-22
via the tail vein of healthy mice. However, the fluorescence
signal in the kidney of the AKI mouse model was clearly
enhanced (Figure 3C). Given that FDOCI-22 is only activated
by HOCI, these experimental results indicate that HOCI
concentration is closely correlated with drug-induced AKI,
which was also found by Zhang et al. in their recent report.””
All of the data suggest that HOCI could be used as a specific
biomarker for the early detection of drug-induced AKI.

The same cisplatin-induced AKI mouse model was also used
to evaluate PA imaging. As shown in Figure 3D, PA signals in
the kidney of cisplatin-induced (20 mg/kg, 48 h) AKI mice
became detectable at 10 min and then gradually increased in
intensity within 40 min after injection of FDOCI-22. However,
PA signals in the kidney of healthy mice were unchanged, even
40 min after injection of FDOCI-22 (Figure S25). These data
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illustrated that the PA imaging results were consistent with
those from fluorescence imaging. FDOCI-22 could therefore
be used for the diagnosis of drug-induced AKI using dual-
modality NIRF and PA imaging.

Dual-Modality Detection of Early-Stage Cisplatin-
Induced AKI Using the HOCI-Activated Probe FDOCI-22.
Encouraged by its performance in the AKI mouse model, we
investigated the potential of FDOCI-22 for the detection of
cisplatin-induced AKI in its early stage by dual-modality
imaging. Sixteen mouse models were constructed with different
degrees of renal injury by varying the intraperitoneal dose of
cisplatin (0, 10, 20, and 40 mg/kg) and maintaining for
different time periods (12, 24, 48, and 72 h). Forty minutes
after intravenous injection of FDOCI-22, the kidneys were
harvested from the mice for fluorescence imaging. As shown in
Figure 4A, the fluorescence signal increased with both cisplatin
dose and duration. A significant difference was observed at the
right part of the red solid line compared with the control group
(average fluorescence intensity output of the group is shown in
the right column of Figure 4A), suggesting the renal injury in
these models. To confirm and evaluate the level of renal injury,
four mouse models (Nos. 7, 10, 11, and 15 in Figure 4A) were
selected for comparison with commercial methods (Table S2).
Blood urea nitrogen (BUN), serum creatinine (CREA), and
uric acid (UA) were determined using commercial assays. As
shown in Figure 4B, for models 11 and 15, all three indicators
exceeded the normal range, indicating that renal injury in these
two models could be detected using the commercial methods.
However, for models 7 and 10, which were diagnosed as AKI
using FDOCI-22 (Figure 4A), no significant differences were
detected using the three indicators compared to normal,
indicating that commercial assays could not identify the early
renal injury. These results confirmed that real-time imaging
using FDOCI-22 could identify drug-induced AKI at least 24 h
earlier than commercial assays in the mouse model with the
same drug dosage (20 mg/kg) or with a lower dosage (10 mg/
kg) after the same stimulation time (48 h). TNF-a
immunostaining analysis of the mouse model (10 mg/kg, 48
h) was also conducted to verify the accuracy of FDOCI-22 for
detecting early-stage drug-induced AKI. As we expected, the
severity of kidney inflammation induced by low-dosage
cisplatin was significantly higher than in healthy or LC
pretreated mice (Figure S26). The results illustrated that
FDOCI-22 could be used as a tool for the detection of
cisplatin-induced AKI in the early stage.

Finally, PA imaging was carried out in situ in the above two
early-stage AKI mouse models after injection of FDOCI-22.
PA images of the kidneys were recorded at 0 and 40 min. As
shown in Figure 4C,D, the PA signals in the kidneys were
enhanced 40 min after intravenous injection of FDOCI-22. In
general, the HOCl-activated probe, FDOCI-22, was more
sensitive for imaging of cisplatin-induced AKI in its earlier
stage than the clinical methods, irrespective of drug stimulation
time or dosage (Figure 4E).

B CONCLUSIONS

In summary, we report a distinct activatable probe FDOCI-22
containing an ethylene glycol chain and a MB fluorophore as
the signal output unit for the detection of early-stage drug-
induced AKI. The ethylene glycol chain guarantees that the
FDOCI-22 can be completely soluble in water without
requiring any organic cosolvent (Table S1) and mainly
through renal metabolism in vivo due to its high hydro-

https://dx.doi.org/10.1021/acssensors.0c00640
ACS Sens. 2020, 5, 2457—2466


http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c00640/suppl_file/se0c00640_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c00640/suppl_file/se0c00640_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c00640/suppl_file/se0c00640_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c00640/suppl_file/se0c00640_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c00640/suppl_file/se0c00640_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c00640/suppl_file/se0c00640_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c00640/suppl_file/se0c00640_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c00640/suppl_file/se0c00640_si_001.pdf
pubs.acs.org/acssensors?ref=pdf
https://dx.doi.org/10.1021/acssensors.0c00640?ref=pdf

ACS Sensors

pubs.acs.org/acssensors

philicity.*"** Especially, FDOCI-22 released MB when
reaction with HOCI and displayed remarkable changes of
both fluorescence emission and absorption. Thus, FDOCI-22
could be used for the identification of HOCI by dual-modality
imaging (NIRF and PA imaging) in vivo, which could improve
the accuracy of detection. This makes FDOCI-22 an ideal
probe for further biological application. Using FDOCI-22 as a
tool, we identified the presence of HOCI during cell apoptosis
in drug-induced AKI for the first time. Moreover, FDOCI-22
could perform dual-modality detection of AKI in the early
stage by NIRF and PA imaging, irrespective of drug
stimulation time or dosage. FDOCI-22 thus has great potential
for monitoring of kidney injury diseases and drug screening in
clinical research. Efforts are ongoing to realize the clinical
application of FDOCI-22 and related derivatives.

B EXPERIMENTAL SECTION

Preparation of Probes and Analytes. Stock solutions of
FDOCI-22 and FDOCI-21 (1 mM) were prepared in deionized
water and ethanol, respectively, and then diluting with phosphate-
buffered solution (PBS, 10 mM, pH 7.4) to the test concentration.
The test solutions were shaken well and placed at room temperature
before recording the spectra. Other analytes were prepared in ddH,0
according to our reported procedure and details are as follows.**”°
HOCI was obtained from a 14.5% NaOCl solution. H,0, was diluted
from a 30% solution. Hydroxyl radical (*OH) was generated by
Fenton reaction (H,0,/FeCl, = 1:10), and the concentration of “OH
was equal to the concentration of H,O,. tert-Butyl hydroperoxide
(TBHP) was obtained from 70% TBHP solution in ddH,0. ROO*
was prepared by dissolving 2,2'-azobis(2-amidinopropane) dihydro-
chloride in ddH,0. NO was prepared by dissolving sodium
nitroferricyanide(III) dihydrate (SNP) in ddH,O. O, was prepared
by dissolving potassium superoxide (KO,) in DMSO. ONOO~ was
prepared using 3-morpholinosydnonimine hydrochloride. +-BuOO*®
was prepared by adding TBHP in the presence of 10 equiv of ferrous
chloride and the concentration of +-BuOO® was equal to the TBHP
concentration.

Cisplatin-Induced Acute Kidney Injury. Cisplatin was dissolved
in PBS (10 mM, pH 7.4). F1 mice were intraperitoneally preinjected
with different doses of cisplatin for different times, then iv. injected
with FDOCI-22 (200 puL, 0.5 mM). Then, all of the mice were
anesthetized and performed surgical procedure to expose organs.
Imaging was observed using Bruker in vivo imaging system (In Vivo
Xtreme) with a Xe lamp as an excitation source.
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