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A novel hepatocyte-targeting near-infrared fluorescent probe named
Gal-NIR is developed. Gal-NIR shows ratiometric response to ONOO™
with high sensitivity and selectivity. Moreover, the probe can accurately
target the hepatocyte, and thus is used for assessing drug-induced
hepatotoxicity and its remediation by using hepatoprotective medi-
cines in living cells and mice.

The liver is an important metabolic organ, which is involved in
deoxygenation, storage of liver sugar and synthesis of secreted
protein. Moreover, the liver is the major site to convert drugs to
various metabolites, and thus is susceptible to drug damage.
Drug-induced liver injury (DILI) is the most common concern
of acute liver failure, accounting for a substantial portion of
acute hepatitis.” Due to its unpredictability and acute response,
DILI is considered a serious problem related to public health.?
Peroxynitrite (ONOO™), as one of the reactive oxygen species
(ROS), is generated from a diffusion-controlled reaction of
nitric oxide (NO) and the superoxide radical anion (0,*).* In
the liver, ONOO™ is the result of drug metabolite-induced
mitochondrial toxicity and has long been regarded as a superior
biomarker for the prediction and measurement of DILL’> Thus, it
is crucial to develop accurate analytical methods for the detec-
tion of ONOO™ in the liver to evaluate DILI and its remediation.

In recent years, small-molecule fluorescent probes have
attracted a great deal of attention owing to their intrinsic
advantages such as high sensitivity, easy modulation and high
spatial resolution imaging in biological samples.® To date, a
number of fluorescent probes have been developed to detect
ONOO™.” Despite intensive efforts, three main problems still
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remain. First, some elegant ONOO™ probes can locate in the
mitochondria or lysosomes,”** while a hepatocyte-targeting
probe is rare. This is not beneficial for specific detection of
analytes in the liver. Second, most of the probes for ONOO™
show short excitation and emission wavelength, which is fraught
with interference caused by autofluorescence and restricts their
applications in vivo.”** Third, only a few ratiometric probes are
developed for detecting ONOO™ in order to avoid the effect
caused by a variety of factors such as instrumental efficiency,
temperature and probe concentration.”¥ Unfortunately, ratiometric
probes suffer from a small emission shift (less than 100 nm) and
thus show a small ratio change. Therefore, it is very challenging to
construct an ideal hepatocyte-targeting probe with long wavelength
and a large emission shift.

It is reported that the asialoglycoprotein receptor (ASGPR) is
overexpressed on the surface of mammalian hepatocytes and
allows galactose to enter the cells via a specific receptor-mediated
endocytosis.® Very recently, a number of hepatocyte-specific fluor-
escent probes with galactose have been developed for messenger
molecules.’ For example, Zhu et al. developed a hepatoma-selective
fluorescent probe based on naphthalimide for HCIO in living
cells.”® Tian et al. described a galactosyl azidonaphthalimide probe
for selective fluorogenic imaging of hepatocellular H,S.”” Zhang
et al. reported a hepatocyte-targeting fluorescent sensor based on
galactosyl rhodamine for detecting NO in cells and zebrafish.*
Although Zhu et al. constructed a galactose-appended hepatoma-
specific fluorescent probe Gal-NHP for detecting endogenous
ONOO™ in live HepG2 cells, Gal-NHP with a short emission
wavelength (555 nm) is not suitable for imaging in vivo.>? As far
as we know, the hepatocyte-targeting near-infrared (NIR) probe for
tracing ONOO™ has not been reported yet.

Herein, a hepatocyte-targeting NIR ratiometric fluorescent probe
(Gal-NIR) for ONOO™ was designed and synthesized by grafting a
galactose moiety onto a coumarin-benzopyrylium-based fluorophore
(Fig. 1). Owing to the extended m-conjugation, Gal-NIR displays NIR
emission. Upon the addition of ONOO™, the probe is oxidized and
cleaved to acquire coumarin 343, which has a small n-conjugation
system and thus emits green fluorescence. Thus, a ratiometric
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Fig. 1 Design of Probe Gal-NIR to ONOO™.

fluorescence response to ONOO™ can be obtained with a large
emission shift (220 nm). This makes the probe show high
sensitivity and selectivity. Moreover, Gal-NIR is applied for
ratiometric monitoring of the upregulation of ONOO™ during
DILI in living HepG2 cells. Furthermore, owing to the probe’s
NIR emission, Gal-NIR is utilized for imaging the ONOO™ level
during drug-induced hepatotoxicity and its remediation in vivo.

Gal-NIR was synthesized following the synthetic route dis-
played in Scheme S1 (ESIt). The detailed synthetic steps and
characterization are given in the ESIf (Fig. S1-S6). With the
probe in hand, the absorption spectra of Gal-NIR in the absence
and presence of ONOO™ were tested in PBS buffer solution. As
shown in Fig. 2a, Gal-NIR itself exhibits a strong absorbance at
around 650 nm. After the addition of ONOO™, the absorption
spectra demonstrate a sharp decrease at 650 nm and an
obvious increase at 440 nm. Such an obvious blue shift of
210 nm in the absorption spectra leads to a color change from
blue to yellow (inset of Fig. 2a), which enables Gal-NIR to be
used for ONOO™ detection by the naked eye.

Then, the fluorescence spectra of probe Gal-NIR with varied
concentrations of ONOO™ were investigated and the results are
shown in Fig. 2b. Gal-NIR itself displays fluorescence emission
with the peak at 720 nm. With the increase of the ONOO™
concentration, the emission at 720 nm decreases and the
emission at 500 nm increases gradually under excitation at
440 nm. A large emission shift (220 nm) indicates that the two
emissions are well separated and the fluorescence changes
from black to green (inset of Fig. 2b). When 15 pyM ONOO™ is
added, the fluorescence intensity ratio (Fsoo/F-20) shows 72-fold
enhancement. Meanwhile, upon excitation at 650 nm, the
fluorescence intensity at 720 nm decreases with the amount
of ONOO™ (Fig. S7, ESIY). In addition, the probe exhibits an
excellent linear relationship with ONOO™ concentrations ran-
ging from 0.5 to 15 uM (Fig. 2¢), and the detection limit is 0.17
UM (3o/slope). All these results strongly indicate that Gal-NIR
can serve as a highly sensitive probe for ratiometric detection of
ONOO™.

Furthermore, the selectivity of Gal-NIR toward ONOO™~ was
studied by using a series of analytes including reactive oxygen
species, reactive nitrogen species, reactive sulfur species and
biothiols (Fig. 2d and Fig. S8, ESIt). Only ONOO™ (15 puM) causes
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Fig. 2 (a) Absorption spectra of Gal-NIR (5 uM) in the absence (1) and
presence (2) of ONOO™ (15 uM). Inset: The corresponding color image. (b)
Fluorescence spectra of Gal-NIR (5 uM) upon adding various amounts of
ONOO™ (0,0.5,1.0, 2.0, 3.0, 5.0, 7.0, 10.0, 13.0, and 15.0 uM) in PBS buffer
solution (pH 7.4). Zex = 440 nm. Inset: Corresponding fluorescence image
under 365 nm ultraviolet radiation. (c) The fluorescence intensity ratio
(Fs00/F720) versus ONOO™ concentration. (d) The fluorescence intensity
ratio to ONOO™ (15 uM) and other various analytes (150 uM). 1: blank, 2:
ClO™, 3: H,O,, 4: ROO®, 5: 0,7, 6:-OH, 7: NO, 8: NO,~, 9: NO3~, 10: H5S,
11: SO527, 12: HSO3™, 13: Cys, 14: Hey, 15: GSH, and 16: ONOO™.

a large change in the fluorescent intensity ratio (Fsoo/F-20)- while
other analytes display a very small or almost no change even at a
higher concentration (150 pM). These results clearly indicate
that the probe has excellent selectivity for ONOO ™, which makes
it suitable for detecting ONOO™ in a complicated biological
environment. In addition, the effect of pH, reaction time and
photo-stability were investigated (Fig. S9-S11, ESIt). And a possi-
ble response mechanism of Gal-NIR to ONOO™ was proposed and
proved by the absorption spectra, fluorescence spectra, HPLC and
mass spectra (Fig. S12-S15, ESIY).

Before fluorescence imaging, the cytotoxicity of Gal-NIR and Gal-
NIR with ONOO™ was evaluated in HepG2 cells by conventional MTT
assay (Fig. S16, ESIT). A high cell viability (above 90%) is observed
after the cells are respectively treated with various concentrations of
Gal-NIR (0-30.0 pM) and ONOO™ (0-20.0 uM), demonstrating low
cytotoxicity of Gal-NIR and Gal-NIR with ONOO ™. The hepatocyte-
specific ability of Gal-NIR was evaluated by respectively incubating
human hepatoma cells (HepG2), human colon cancer (HCT116),
human cervix cancer (HeLa) and human breast cancer cells (MCF-7)
(Fig. 3a and b). Although all the cells are stained by Gal-NIR for
30 min, a strong red fluorescence signal is only found in HepG2
cells, while no obvious fluorescence signal change is seen in the
other kinds of cells. This may be because the asialoglycoprotein
receptor (ASGPR) is primarily expressed on the membrane of
hepatocytes (e.g. HepG2 cells) and can specifically recognize the
galactose group in Gal-NIR. In comparison, probe NIR without the
galactose group was respectively incubated in these different kinds of
cells (Fig. 3c and d). Confocal fluorescence imaging shows that probe
NIR could enter the cells and exhibit red fluorescence regardless of
the cell types. The above results indicate that Gal-NIR containing the
galactose group has excellent hepatocyte-targeting ability.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Fluorescence imaging of different cells (HepG2, HCT116, HelLa and
MCEF-7 cells). (a) The cells were treated with Gal-NIR (5 pM) for 30 min. (b)
Relative fluorescence intensity of the red channel in a and the fluorescence
intensity in HepG2 cells is defined as 1.0. (c) The cells were treated with NIR
(5 uM) for 30 min. (d) Relative fluorescence intensity of the red channel in
¢ and the fluorescence intensity in HepG2 cells is defined as 1.0. Scale bar:
10 pm. Red channel: Jex = 635 Nnm and Jem = 650-750 nm; green channel:
Jex = 488 nm and Aemn = 500-550 nm.

Next, the probe was used for detecting exogenous and endo-
genous ONOO™ in HepG2 Cells (Fig. S17, ESI}).

With wonderful hepatocyte-targeting and cell-imaging ability,
Gal-NIR was used to explore drug-induced liver injury (DILI) in
HepG2 cells (Fig. 4). It is well-known that acetaminophen (APAP) is a
household medication for treating pain and fever.'” Excessive APAP
in the liver can induce hepatotoxicity through the overproduction of
ONOO™."" After the treatment of APAP with increasing concentra-
tions, the fluorescence intensity in the red channel diminishes and
the fluorescence intensity in the green channel enhances (Fig. S20,
ESIT). When APAP reaches 500 UM, there is a 5.4-fold increase of the
fluorescence intensity ratio (Fyreen/Frea) compared with the control.
The results reveal that intracellular ONOO™ is upregulated under
the administration of APAP and Gal-NIR is able to detect the change
of ONOO™ in DILI. Moreover, so many hepatoprotective medicines
have been developed for drug-induced hepatotoxicity, such as

Red

Green

Fig. 4 Fluorescence imaging of APAP-induced hepatotoxicity in HepG2
cells. (@) The cells were treated with Gal-NIR (5 pM) for 30 min. (b) The cells
were pretreated with APAP (500 pM) for 12 h and then incubated with Gal-
NIR (5 uM) for 30 min. (c—e) The cells were co-incubated with (c) GSH
(400 uM), (d) NAC (400 uM) or (e) DDB (400 uM) for 1 h, and then treated
with APAP (500 pM) for 12 h, followed by treatment with Gal-NIR (5 pM) for
30 min. (f) Fluorescence intensity ratio (Fgreen/Freq) is Obtained from image
(a—e) and the ratio of image a is defined as 1.0. Scale bar: 10 pm. Red
channel: dex = 635 NM, Jem = 650-750 nm; green channel: dex = 488 nm,
Aem = 500-550 nm.
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glutathione (GSH), N-acetylcysteine (NAC) and biphenyldicarbox-
ylate (DDB).'*> Upon the addition of GSH, NAC or DDB, the
fluorescence intensity ratio (Fyreen/Frea) decreases. By comparing
the changes in the fluorescence signal ratio induced by GSH,
NAC, or DDB, GSH may be superior to NAC and DDB as an
antidote to APAP toxicity. This may be because GSH can remedi-
ate cell injury by the depletion of ONOO™ levels. All in all, these
imaging experiments illuminate that Gal-NIR can effectively
evaluate the remediation effect of medicines for DILL

On the basis of the probe’s NIR optical properties and the
desirable results of imaging ONOO™ in hepatocytes, Gal-NIR
was further utilized to monitor ONOO™ in vivo. BALB/c mice
were used in these experiments and fluorescence imaging was
studied only in the red channel. As shown in Fig. S21a (ESIt),
the mice injected with Gal-NIR produce fluorescence in the
liver, while the mice given injection of NIR display fluorescence
in the liver and other parts. After this the mice were sacrificed
and the main organs were obtained (Fig. S21b and c, ESIt). For
Gal-NIR, the fluorescence is found only in the liver. For NIR, the
fluorescence is observed in some other organs such as the
kidney and lungs besides the liver. All the results show that the
hepatocyte-targeting group is able to guide Gal-NIR to locate in
the liver of mice.

Furthermore, the suitability of the probe for assessing drug-
induced hepatotoxicity (DILI) and its remediation was exam-
ined (Fig. 5). As displayed in Fig. 5a and b, the mice injected
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Fig. 5 Fluorescence imaging of APAP-induced hepatotoxicity in vivo. (a)
Fluorescence imaging of BALB/c mice of control, APAP (500 mg kg™
alone, APAP (500 mg kg% with GSH (400 mg kg™, NAC (400 mg kg3,
DDB (400 mg kg3, followed by Gal-NIR (100 pL, 200 pM). Mice imaging
was operated only in the red channel: lex = 640 NM; Aem = 680-780 nm.
(b) Relative fluorescence intensity in a and the lowest fluorescence
intensity is defined as 1.0. (c) Fluorescence imaging in the main organs
of mice. 1: liver, 2: heart, 3: spleen, 4: lungs, 5: kindey. (d) H&E staining of
liver tissues from the above mice. Scale bar: 50 pm.
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with APAP show a significant decrease of fluorescence with
time, suggesting that Gal-NIR is capable of monitoring ONOO™
in mice with APAP-induced liver injury. And, three hepato-
protective medicines (GSH, NAC and DDB) were injected after
APAP-induced hepatotoxicity, and the obvious recovery of
fluorescence in the liver is observed. The results prove that
the three medicines could offset ONOO™ produced by DILI.
Subsequently, the mice were sacrificed and the main organs
were recovered (Fig. 5c). The fluorescence imaging clearly
indicates that the selective localization of Gal-NIR is in the
liver over other organs including the heart, spleen, lungs and
kidney. In addition, histological analysis of liver tissues was
performed by hematoxylin and eosin (H&E) staining (Fig. 5d).
Just like the change in fluorescence, the liver tissues of mice
treated with hepatoprotective medicines are closer to the
normal state, while the vacuolization of the cells is observed
from the injured liver tissues of the APAP-injected mice. All the
above experiments confirm that Gal-NIR could not only be
hepatocyte-specific, but also be a useful indicator to monitor
the biological processes of APAP-induced hepatotoxicity and its
remediation by using the three kinds of hepatoprotective
medicines in vivo.

In conclusion, we have reported a hepatocyte-targeting NIR
fluorescent probe (Gal-NIR) for ratiometric detection of ONOO™.
The probe is prepared by linking a galactose moiety on a
coumarin-benzopyrylium-based fluorophore. Moreover, Gal-NIR
shows a large emission shift (220 nm), which is beneficial for
enhancing the signal-to-background ratio. Furthermore, the probe
exhibits high sensitivity for ONOO™ with a 72-fold increasing ratio
and excellent selectivity for ONOO™ over various potential biolo-
gical analytes. In addition, Gal-NIR can specifically target the
hepatocyte, and thus is used for assessing APAP-induced hepato-
toxicity and its remediation by using hepatoprotective medicines
in living cells and mice. These results enable the probe to be a
promising candidate for disclosing the roles of ONOO™ in the
liver during drug-induced hepatotoxicity and its remediation.
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