Materials Today Bio 21 (2023) 100689

Contents lists available at ScienceDirect

;;aterialstoday
BIO

Materials Today Bio

ELSEVIER journal homepage: www.journals.elsevier.com/materials-today-bio
Accurate imaging in the processes of formation and inhibition of ]

Check for
updates

drug-induced liver injury by an activable fluorescent probe for ONOO™

Junming Dong?, Yushun Yang”, Xiangjun Fan® ", Hai-Liang Zhu® """, Zhen Li "

@ State Key Laboratory of Pharmaceutical Biotechnology, School of Life Sciences, Nanjing University, No.163 Xianlin Avenue, Nanjing, 210023, China
b Jinhua Advanced Research Institute, Jinhua, 321019, China
¢ Department of General Surgery, Affiliated Hospital of Nantong University, Nantong University, 226001, Nantong, China

ARTICLE INFO ABSTRACT

Keywords:

Fluorescent probe
Detection of peroxynitrite
Drug-induced liver injury
Accurate real-time imaging

Herein, an activable fluorescent probe for peroxynitrite (ONOO™), named NOP, was constructed for the accurate
imaging in the processes of formation and inhibition of drug-induced liver injury induced by Acetaminophen
(APAP). During the in-solution tests on the general optical properties, the probe showed advantages including
good stability, wide pH adaption, high specificity and sensitivity in the monitoring of ONOO™. Subsequently, the
probe was further applied in the model mice which used APAP to induce the injury and used inhibiting agents
(GSH, Glu, NAC) to treat the induced injury. The construction of the liver injury model was confirmed by the
pathological staining and the serum indexes including ALT, AST, ALP, TBIL as well as LDH. During the formation
of the drug-induced liver injury, the fluorescence in the red channel enhanced in both time-dependent and dose-
dependent manners. In inhibition tests, the inhibition of the liver injury exhibited the reduction of the fluores-
cence intensity. Therefore, NOP could achieve the accurate imaging in the processes of formation and inhibition
of drug-induced liver injury. The information here might be helpful for the early diagnosis and the screening of

potent treating candidates in liver injury cases.

1. Introduction

In human, liver is the main organ for the metabolism of various
substances including alcohol, medicine, and chemicals [1,2]. In consid-
eration of the vital role of liver in a wide range of physiological pro-
cedures, the liver injury can give rise to the loss of normal functions,
which will lead to in severe disorders, or even to death [3,4]. The causes
of liver injury were complex, among which alcohol and drugs have been
reported as common inducers in both acute and chronic liver injuries [5,
6]. In particular, the drug-induced liver injury has become a serious risk
for human health, because many drugs, including the ones for treating
liver injury, are metabolized through liver. Accordingly, the diagnosis
and assessment of drug-induced liver injury seem difficult, which
consequently leads to the inefficiency in accurate treatment [7,8]. Pre-
sent diagnosis of liver injury relies on the level of serum indicators
including alanine aminotransferase (ALT), aspartate aminotransferase
(AST), alkaline phosphatase (ALP) lactate, total bilirubin (TBIL), and
dehydrogenase (LDH) [9,10]. However, the serum indicators cannot

* Corresponding author.
** Corresponding author.

* Corresponding author.
E-mail addresses: zhuhl@nju.edu.cn (H.-L. Zhu), lizhenzfx@nju.edu.cn (Z. Li).

https://doi.org/10.1016/j.mtbio.2023.100689

achieve the real-time and in situ monitoring. There is an urgent need for
finding molecular indexes as alternative references. Therefore, devel-
oping more accurate implement to describe the drug-induced liver injury
in both processes of formation and inhibition remains an emergency for
both the diagnosis and treatment.

During the process of seeking for molecular indexes, reactive oxygen
species (ROS) and reactive nitrogen species (RNS) have been reported as
potential indicators for monitoring the status of liver-related metabolism
[11,12]. Both of them are essential by-products of the reactions in liver,
thus are tightly associated with the reduction-oxidation status during the
biological events. Among them, peroxynitrite (ONOO™) has been re-
ported as one of the most important biomarkers in liver injury [13,14]. In
the models of liver injury induced by various factors, ONOO™ could be
used as a practical indicator to reflect the degree of injury [15-17]. The
enhanced concentrations of endogenous ONOO~ was caused by the
disorder of liver function, and then exhibit hepatocellular death. There
might be the difference at quantity or order of magnitude of ONOO™
between the pathological environment and the normal states [18,19]. It
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seemed that ONOO™ was more meaningful than other ROS due to the
sensitivity to the disorders and the association with vital pathological
events [20,21]. However, tracking ONOO™ in physiological and patho-
logical events is hard due to the short half-life of about 10 ms [22]. This
factor also agreed with the necessity of real-time and in situ monitoring.
Thus, the requirement can be focused on the developing practical
instrument.

In recent decades, fluorescent probes have attracted the attentions of
the investigators due to the high selectivity and sensitivity, good
biocompatibility as well as non-invasion capability [23]. The optimiza-
tion of the fluorescent probes gradually allowed the dynamic imaging to
suit the requirement of real-time and in situ [24-26]. In particular, for
the detection of ONOO™, many fluorescent probes have been reported
[27-37]. They showed unique properties, and some of them could even
achieve the in vivo imaging. For further application of in-depth imaging,
the steadiness of the probe should be more strictly confirmed. In the
monitoring of liver injury, several fluorescent probes achieved the im-
aging via detecting molecular indexes including glutathione (GSH) and
H,S [38,39]. Although there were several important reports on the ac-
curate imaging of ONOO™ in liver injury [16,40-42], and some of them
was deeply applied in the specialized induced models, the necessity on
visualizing both the formation and inhibition of drug-induced liver injury
was still an emergency.

In this work, an activable fluorescent probe for ONOO ™, named NOP,
was constructed for the accurate imaging in the processes of formation
and inhibition of drug-induced liver injury (Fig. 1A). The probe exhibited
good stability, wide pH adaption, high specificity and sensitivity in the
monitoring of ONOO™, thus was applied for building the connection
between the ONOO™ level and the liver injury. Herein, Acetaminophen
(APAP), a typical drug, was selected to induce the liver injury [43-45].
By focusing on the drug-induced liver injury, specific models were
studied to reflect both the pathogenesis and treatment procedures. The
information in this work might be helpful for realizing the early diagnosis
and screening potent treating candidates in drug-induced liver injury
cases.
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2. Experimental section
2.1. The limit of detection (LOD) of NOP

The emission spectrum of free NOP (10 pM, 1% DMSO) in 10 mM PBS
buffer (pH 7.4) was tested for 30 times to confirm the background noise
o. The slope was obtained from the linear curve of NOP (10 pM) and
ONOO™ (0-10 pM). The detection limit was calculated according to
formula (30/slope). Aex = 580 nm, slit width: dex = dem = 10 nm. LOD =
0.11 pM.

2.2. Cytotoxicity with CCK8 assay

The cytotoxicity of NOP was verified by CCK8 assay. HepG2 cells
were seeded into 96-well plates (1 x 103 per well). After adherent, the
cells were incubated with different concentrations of NOP (0, 5, 10, 15,
20, 25, 30, 35, 40, 45 pM) for another 24 h in Normal culture environ-
ment. The 0 pM group was the equivalent volume DMSO-treated HepG2
cells. Then, CCK8 solution (10 pL per well) was added, then incubated for
another 4 h. The prepared 96-well plate samples were detected by ELISA
reader (ELx800, BioTek, USA) at 450 nm. Shaking the 96-well plate on
the microplate reader for 5 min before testing. The experiments were
repeated six times.

2.3. Liver tissue imaging and pathological examination

The intact liver tissue that was removed would be entrusted to the
company (Wuhan Seville Biological Co., Ltd.) to cut into blank paraffin
tissue sections of 4 pm for histopathological analysis. Thin sections (4
pm) were stained with H&E and Masson for histopathological study.
Images of H&E and Masson stained sections were acquired by microscope
(Olympus IX73) with 5x objective lens.
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Fig. 1. (A) Schematic illustration of fluorescence probe, NOP, for real-time monitoring ONOO™ fluctuation in drug-induced liver injury. (B) Ultraviolet absorption
spectrum response of NOP to ONOO™ for 5 min. Inset: The visual colors of probe NOP (10 pM) in the absence and presence of ONOO™~ (50 uM). (C) Fluorescence
emission spectrum response of NOP to ONOO™ for 5 min. Inset: The visual colors of probe NOP (10 pM) in the absence and presence of ONOO ™~ (50 pM) under the UV

lamp. (D) Fluorescence lifetime of NOP.
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2.4. Detection of serum liver injury indexes

After all mice were induced by APAP, according to the method of
animal model establishment (1.7 Animal models and imaging). Rapid
extraction of blood from orbit with a capillary of 0.05 mm inner diam-
eter. The collected serum samples were left standing at room temperature
for 2 h, centrifuged at 3500 r/min for 15 min and collecting supernatant.
The supernatant was re-centrifuged for 10 min at 3500 r/min. Serum
liver injury indexes were detected using the ALT, ALP, AST, LDH, TBIL.

3. Results and discussion
3.1. Chemical synthesis and mechanism study

The synthetic route of the probe NOP was detailed in the Supporting
Information. The fluorophore DDAO was prepared in two steps from m-
hydroxybenzoic acid. Then the probe NOP was generated by reacting the
quencher diphenylphosphinic chloride with the fluorophore in
dichloromethane. The structures of the synthesized compounds were
confirmed by satisfactory spectroscopic data including 'H NMR, '3C
NMR, as well as HRMS in Supporting Information.

The response mechanism of NOP towards ONOO ™~ was also prelimi-
narily studied by analyzing the LC-MS spectra and HPLC (Figs. S1 and
S2). The feature peaks of the fluorophore DDAO and the probe NOP were
depicted in Figure Slal, a2, bl & b2, respectively. The LC-MS result of
NOP solution after incubating with ONOO™ in Figure Slcl & c2 indi-
cated the mechanism that ONOO™ could cause the deprotection of the
probe NOP to generate the original fluorophore DDAO.

3.2. Optical properties of the probe

Initially, the UV-vis and fluorescence spectra of the probe (10 uM)
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with the absence and presence of ONOO™ (50 pM) were scanned (Fig. 1B
and C). With the addition of ONOO™, an obvious absorption peak
appeared at about 600 nm, and from the naked eye the colorless system
became blue (Fig. 1B). Meanwhile, with the addition of ONOO™, there
was a remarkable enhancement in fluorescence intensity at 656 nm
under the excitation of 580 nm, and the non-fluorescent system exhibited
a red fluorescence (Fig. 1C). The fluorescence lifetime of NOP was
calculated as 5.098 ns (Fig. 1D), while the fluorescence quantum yield
(FQY) of NOP was determined as 0.38.

By adding increasing concentrations (0-60 pM) of ONOO™ into the
system containing NOP (10 pM), the standard curve was built to reflect
the relation between the fluorescence intensity and the ONOO™ con-
centration. The fluorescence signal enhanced along with the increase of
ONOO™ concentration, and reached the plateau with about 60 pM
ONOO™ (Fig. 2A). With the linear range of 0-10 pM (Fig. 2B), the limit of
detection (LOD) of NOP was calculated as 0.11 pM (from 3oc/slope). The
probe here was highly sensitive to ONOO™ among the reported data
(Table S1). In both time and dose scale, the intensity of the detecting
system containing NOP was positively correlated with the ONOO™ con-
centration (Fig. 2C). Meanwhile, the fluorescence intensity of the
response towards ONOO- was stable for over 48 h (Fig. S3). Subse-
quently, the selectivity and anti-interference of the detection were
checked. Among a variety of competing species including cations, anions,
amino acids, ROS and RNS, NOP only exhibited obvious fluorescence
response towards ONOO™, while the fluorescence signal was almost
steady in the co-existence system containing both ONOO™ and other
species (Fig. 2D). To distinguish ONOO™ from other ROS, both the
recognition group and the response time herein ensured the selectivity.
For the pH condition, the probe itself showed weak fluorescence within
the tested range of 3.0-12.0, while the fluorescence intensity of the
detecting system was steady within the range of 7.0-12.0 (Fig. 2E). The
fluorescence intensity of the released fluorophore was affected by the
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Fig. 2. (A) Fluorescence spectra of 10 pM NOP and 0-60 pM ONOO™ for 5 min. (B) The linear relationship between NOP (10 pM) and ONOO™ (from 0 to 10 pM). (C)
Time-scan of fluorescence intensities of NOP with ONOO™ (50 pM). Inset: Fluorescence images of NOP (10 pM) responded with different concentrations of ONOO™ (0,
10, 20, 30, 40, 50, 60 pM). (D) Fluorescence intensity at 656 nm responses of NOP to various biological species for 5 min, including 1-9. Positive ion (100 pM AL,
Ca®t, cu®t, Fe?*, Fe*, KT, Mg?*, Na*t, Zn®"), 10-17. Anion (100 uM AcO™, CI-, ClOz, CO3~, HSO3, S,03%~, SO3™, SO3 "), 18-22. Amino acid (1 mM GSH, 100 uM
Hcy, 100 pM Met, 100 pM Ser, 100 uM Cys), 23-27 (ROS species: 100 pM H,0,, ¢OH, 105, 03, ClO7), 28, 29 (RNS: 100 UM NO3), 30, 31 (Others 100 pM NyHy, $27),
32 (50 pM ONOO™). (E) Fluorescence intensity of 10 pM NOP reacted with or without ONOO™ in various pH for 5 min. (F) Cell viability of HCT116 cells treated with

NOP (0, 5, 10, 15, 20, 25, 30, 35, 40, 45 uM).
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keto-enol isomerism, thus the increase of pH resulted in the preference of
keto-form and the increase of fluorescence intensity [46,47]. Further
tests were conducted to determine the photo-stability of the fluorophore,
fluorescent probe and the reaction system. As shown in Fig. S4, after the
irradiation with a laser at 580 nm for 30 min, the fluorescence intensity
at 656 nm of each group kept stable. Accordingly, the probe NOP indi-
cated stead performances in the monitoring of ONOO™ in solution.

3.3. Intracellular imaging

In the topic of drug-induced liver injury, HepG2 (human hep-
atoellular carcinoma cell line) was chosen to conduct the intracellular
imaging. Initially, the cototoxicity was evaluated with CCK8 assay. With
45 pM of NOP, the survival rate of HepG2 cells was still over 90%
(Fig. 2F). This result indicated the low cototoxicity of NOP. Subse-
quently, the probe NOP was applied to imaging the exogenous ONOO™
level in living HepG2 cells. Hoechst 33,342 dye was used to show the
position of nucleus. As the extending of the incubation time with NOP
(10 puM), the fluorescnece signal in the red channel enhanced and almost
became stable within 30 min (Fig. S5). Then, when the incubation time
was fixed as 30 min, NOP (10 pM) was used to imaging various con-
centrations of ONOO™ (0-60 pM). As shown in Fig. 3A and B, the fluo-
resence signal in the red channel enhanced along with the increase of the
ONOO™ level, and almost reached the plateau when there was 60 pM
ONOO™. Afterwards, APAP was used to induce the endogenous ONOO™
and NOP was used to imaging the dynamic of ONOO ™. After the addtion
of 1 mM APAP, the fluorescence signal in the red channel gradually
enhanced as the extending to incubation time, and it took about 8 h to
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reach the plateau (Fig. S6). To ensure the saturation of the fluorescence
signal, we chose 12 h as the induction time of APAP. After the incubation
with various concentration of APAP (0—-1 mM) for 12 h, the fluorescence
signal in the red channel indicated a dose-dependent enhancement
(Fig. 3C and D). Moreover, after the incubation with 1 mM APAP for 8 h,
Glu (1 mM, 12 h), GSH (1 mM, 12 h) and NAC (1 mM, 12 h) were used for
a further incubation of 12 h separately. In the followed imaging by NOP,
the fluorescence signal in the red channel decreased from the high
intenity of the APAP-induced group (Fig. S7). This result agreed with the
fact that these agents could consume ONOO™ to pretect the liver cells
[48,49].

3.4. Imaging in APAP-induced liver injury

Preliminarily, we checked whether NOP could achieve the in vivo
imaging of ONOO™. First of all by H&E staining of slices of major organs
(eg., heart, liver, spleen, lung, stomach, and kidneys) revealed that ODP
has good biocompatibility for in vivo studies (Fig. S8). The probe NOP
(100 pM) and ONOO™ (500 pM) were intraperitoneally injected. During
the imaging period of 60 min, the fluorescence signal gradually enhanced
as the time extended (Fig. 4A and B). This result indicated that NOP
could monitor the ONOO™ level in vivo. In this section, the APAP-induced
liver injury mouse model was constructed, and the probe NOP (100 pM)
was applied to accurate imaging both the formation and inhibition via
monitoring the dynamics of ONOO™ level. Then induction by APAP was
designed as an orthogonal experiment with the scales of imaging time
(0.1-2 h) and APAP treating time (0-12 h). As shown in Fig. 4C and D,
the fluorescence signal enhanced along with the increase of the APAP-
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Fig. 3. Confocal fluorescence imaging of ONOO™ in HepG2 cells. (A) Imaging of exogenous ONOO™ in cells. The cells were pretreated with NOP (10 pM) for 15 min,
then cells were incubated with 0, 10, 20, 30, 40, 50, 60 pM ONOO™ for another 30min. Finally, commercial Hoechst 33,342 dye was added and stained for 15min. (B)
Quantification of image data Fig. 3A. Data are presented as the average value, error bars were +SD, n = 3. Statistical analysis was performed with one-way ANOVA
with multiple comparisons. *p-value <0.05, **p-value <0.01, ***p-value <0.001. (C) HepG2 cells were coincubated with APAP (0, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0 mM) for
12 h, then the cells were washed with PBS three times. After added the NOP (10 pM) for 30 min. Finally, commercial Hoechst 33,342 dye was added and stained for
15min. Images were collected on laser confocal with 60x objective lens. Hoechst 33,342 channel, Aey = 405 nm, Aepy, = 415-485 nm; NOP channel, Aex = 580 nm, Aey
= 620-700 nm. Scale bar = 25 pM. (D) Quantification of image data Fig. 3C. Data are presented as the average value, error bars were +SD, n = 3. Statistical analysis
was performed with one-way ANOVA with multiple comparisons. *p-value <0.05, **p-value <0.01, ***p-value <0.001.
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Fig. 4. In vivo imaging of ONOO™ in mice. (A) The nude mice were intraperitoneal injection 100 pM NOP (200 pL in normal saline (NS)), and then intraperitoneal
injected 500 pM ONOO ™ at the same location. After fluorescence images of mice were collected at different time point: 0, 5, 10, 15, 20, 30, 45, 60 min Ay = 560 nm,
Aem = 680 nm. (B) Quantification of image data Fig. 4A. Data are presented as the average value, error bars were +SD, n = 3. Statistical analysis was performed with
one-way ANOVA with multiple comparisons. *p-value <0.05, **p-value <0.01, ***p-value <0.001. (C) The nude mice were intraperitoneal injection 400 mg/kg APAP
(200 pL in NS) for different time (0, 2, 4, 6, 8, 10, 12 h), and then via tail vein injection 100 pM NOP (200 pL in NS). After fluorescence images of mice were collected
at different time point: 0.1, 0.25, 0.5, 1.0, 1.5, 2.0 h Aex = 580 nm, Aep,, = 680 nm. (D) Quantification of image data Fig. 4C. Data are presented as the average value,
error bars were £SD, n = 3. Statistical analysis was performed with one-way ANOVA with multiple comparisons. *p-value <0.05, ***p-value <0.001. (E) Fluorescence

image of representative collected urines of APAP drug-induced liver injury mode mice and WT mice. (F) Quantification of image data Fig. 4E. Data are presented as the

average value, error bars were +SD, n = 3. Statistical analysis was performed with one-way ANOVA with multiple comparisons. ***p-value <0.001.

induction time and the plateau was reached in 8 h; while longer imaging
time also led to higher fluorescence signal, which reached the saturation
within 1.5 h. Meanwhile, the collected urine samples of APAP-induced
liver injury mode mice and WT mice were also tested by NOP (100
pM) for 24 h (Fig. 4E and F). As a result, the probe was excreted through
the kidneys compared with the sample of WT mice, the urine sample of
the APAP-induced liver injury mode mice exhibited obvious fluorescence
signal.

On the other hand, the induction was designed as another orthogonal
experiment with the scales of imaging time (0.1-2 h) and APAP dosages
(0-500 mg/kg). As shown in Fig. 5A and B, the fluorescence signal
enhanced along with the increase of the APAP concentration, and the
plateau was reached when the concentration was 400 mg/kg. For the
imaging time, the saturation was also reached within 1.5 h. Accordingly,
in the APAP-induced models in both time scale and dose scale, the probe
NOP could imaging the ONOO™ dynamics. Afterwards, the liver injury in

the above models was checked by pathological examination. As shown in
Fig. S9 and Fig. S10, the fluorescence signal enhanced in time-dependent
and dose-dependent manners under the induction of APAP. Therefore, by
monitoring the fluorescence signal, the severity of the APAP-induced
liver injury could be characterized. As shown in Fig. S11 and Fig. S12,
the liver slice sections of the imaged model mice were compared with
NOP-imaging, H&E and Masson staining. As the incubatuon time
extended or the dosage increased, obvious color change and morpho-
logical injury could be observed in the staining sections. The severity of
the injury reflected by the staining was consistent with the fluorescence
enhancement of NOP-imaging in the red channel. In the separated liver
tissues, the relative intensity of fluorescence signals was also consistent
with that of the slice sections. For further ensuring the liver injury status
of the APAP-induced models, the serum indexes including ALT, AST, ALP,
TBIL and LDH were also tested (Fig. 5C and D & E). As the dosage of
APAP increased, ALT, AST, ALP and LDH increased accordingly, while
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Fig. 5. (A)The Balb/c nude mice were intraperitoneal injection different concentration APAP: 0, 100, 200, 300, 400, 500 mg/kg APAP (200 pL in NS) for 8 h, and then
via tail vein injection 100 pM NOP (200 pL in NS). After fluorescence images of mice were collected at different time point: 0.1, 0.25, 0.5, 0.75, 1, 1.5, 2.0 h A¢x = 580
nm, Ay = 680 nm. (B) Quantification of image data Fig. 5A. Data are presented as the average value, error bars were +SD, n = 3. Statistical analysis was performed
with one-way ANOVA with multiple comparisons. *p-value <0.05, ***p-value <0.001. (C) Serum liver injury indexes were measured. Serum liver injury marker ALT,
AST, ALP was measured. n = 3, error bars were +SD. Statistical analysis was performed with one-way ANOVA with multiple comparisons. *p-value <0.05, **p-value
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Fig. 6. Monitoring of the recovery of APAP drug-induced liver injury in mice upon NAC, Glu, GSH therapy. (A)Schematic diagram of the experimental design process.
The nude mice were intraperitoneal injection 400 mg/kg APAP (200 pL in NS) for 8 h to induce liver injury, followed by intraperitoneal injected without or with GSH
200 mg/kg, NAC (150 mg/kg), Glu (200 mg/kg) for 12 h. And then via tail vein injection 100 pM NOP (200 pL in NS) into each mice. (C) The Fluorescence images
were acquired at 0.5, 1.0, 1.5 h time point. Aex = 580 nm, Aey = 680 nm. (D) Quantification of image data Fig. 6C. Data are presented as the average value, error bars
were +SD, n = 3. Statistical analysis was performed with one-way ANOVA with multiple comparisons. ***p-value <0.001. (E) Microscopy images of section of mice
liver with different treatment. The liversection were stained with NOP (10 pM) for 15 min. Images were collected on laser confocal with 10x objective lens. Aey = 580
nm, Aey = 620-700 nm. Scale bar = 100 pM. Histological H&E staining of liver sections after different treatments, Scale bar: 100 pm. Masson staining of liver sections
for pathological examination, Scale bar: 100 pm. (B) Quantification of image data Fig. 6E on NOP fluorescence images. Data are presented as the average value, error

bars were +SD, n = 3. Statistical analysis was performed with one-way ANOVA with multiple comparisons. *## p-value <0.001, ***p-value <0.001.
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TBIL stayed almost stable. In time scale (Fig. S13), the peak of the indexes
including ALT, AST, ALP and LDH was at 8 h after the induction; while
TBIL stayed almost stable. This result verified the injury status of the
models. Additionally, after the comparison of the fluorescence signal
intensity in different organs, we found that the difference between con-
trol group and APAP-induced group was significant in liver, while the
difference in other organs was not obvious (Fig. S14).

After the imaging in the formation processes of APAP-induced liver
injury, the inhibition process was also imaged in this work. The treating
schedule was illustrated in Fig. 6A. The control group was incubated with
the saline and imaged with NOP (100 pM). The APAP-induced group was
treated with 400 mg/kg APAP, and finally imaged with NOP (100 pM).
To construct the inhibition process, the inhibiting agents GSH (200 mg/
kg), Glu (200 mg/kg) and NAC (150 mg/kg) was intraperitoneally
injected before the injection of APAP. This kind of proposed inhibition
was supported by the previous reports [50]. As shown in Fig. 6B & C, all
the inhibiting agents could reduced the fluorescecne intensity increased
by the APAP-induction. After the inhibition, the fluorescence intensity
could be reduced to the level which was close to that of the control. In the
time scale, during the 1.5 h imaging period, the result also indicated the
significant inhibitory effect of the selected agents (Fig. 6D). By observing
the fluorescence intensity of the isolated liver tissues, it can be seen that
the tissues added with liver protection agent can effectively inhibit the
liver damage caused by APAP (Fig. S15). After the confirmation of the
fluorescence intensity by using the probe NOP, the connection between
the injury severity and the fluorescence intensity was also checked. In
Fig. 6E, we could find that, in the H&E and Masson staining sections, the
color and morpological changes induced by APAP could be recovered by
the treatment of inhibiting agents. The recovery effect was consistent
with the reduction of the fluorescence intensity in the red channel.
Accordingly, by using the probe NOP, the inhibition process of the
APAP-induced liver injury could also be imaged, which might be helpful
for screening potent treating candidates.

4. Conclusion

In summary, in this work, for the accurate imaging in the processes of
formation and inhibition of drug-induced liver injury, an activable
fluorescent probe for ONOO ™, named NOP, was developed. In the tests of
general optical properties, the probe showed advantages including good
stability, wide pH adaption, high specificity and sensitivity in the
monitoring of ONOO™. Based on the in-solution performance, the probe
was further applied in the model mice. By using APAP as the inducer, the
liver injury model was built. The construction of the liver injury model
was confirmed by the pathological staining and the serum indexes
including ALT, AST, ALP, TBIL as well as LDH. The fluorescence signal
reflected by NOP was consistent with the results of pathological staining
and the serum indexes tests. Monitored by NOP on the ONOO™ dynamics,
the formation of the drug-induced liver injury could be characterized
with fluorescence enhancement in the red channel, while the inhibition
by certain agents (GSH, Glu, NAC) led to the fluorescence reduction.
Therefore, NOP could realize the early diagnosis of the drug-induced
liver injury as well as the screening of potent treating candidates.
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