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d near-infrared fluorogenic probe
with high-efficiency intrahepatic targeting ability
for visualization of drug-induced liver injury†
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Hepatotoxicity is a serious problem faced by thousands of clinical drugs, and drug-induced liver injury (DILI)

caused by chronic administration or overdose has become a major biosafety issue. However, the near-

infrared (NIR) fluorescent probes currently used for liver injury detection still suffer from poor liver

targeting ability and low sensitivity. Enzyme-activated fluorogenic probes with powerful in situ targeting

ability are the key to improving the imaging effect of liver injury. Herein, we rationally designed a leucine

aminopeptidase (LAP) activated fluorogenic probe hCy-CA-LAP, which greatly improved the hepatocyte-

targeting capability by introducing a cholic acid group. The probe hCy-CA-LAP is converted into a high-

emission hCy-CA fluorophore in the presence of LAP, showing high selectivity, high sensitivity and low

detection limit (0.0067 U mL�1) for LAP, and successfully realizes the sensitive detection of small

fluctuations of LAP in living cells. Moreover, the probe can achieve effective in situ accumulation in the

liver, thereby achieving precise imaging and evaluation of two different types of drug-induced

hepatotoxicity in vivo. Therefore, the probe hCy-CA-LAP may be a potential tool for exploring the roles

of LAP and evaluating the degree of DILI.
Introduction

As the primary metabolic organ of the human body, the liver is
responsible for the biotransformation of endogenous metabo-
lites and exogenous drugs.1,2 Currently, more than one thou-
sand drugs in clinical use are known to have hepatotoxicity.3

Overdose or chronic administration of drugs has become the
major safety concern in drug-induced liver injuries (DILIs), such
as acute liver injury, hepatitis, brosis, and cholestatic liver
injury.4 For the diagnosis of DILI, the abnormal activities of
alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) in serum are considered to be the clinical standard, but
their appearance in muscle injury and kidney injury may lead to
false positives in the diagnosis.5,6 In addition, with their secre-
tion and accumulation, when these two indicators rise to an
identiable level, patients has already suffered from severe liver
disease, and has lost the opportunity for timely treatment and
preventing disease progression.7,8 With the conspicuous
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advancement of imaging technology, uorescent probes that
can non-invasively visualize physiological and pathological
processes at the molecular level have become an irreplaceable
strategy for early and accurate diagnosis of diseases, thereby
effectively preventing advanced diseases.9–14

Leucine aminopeptidase (LAP), widely distributed in organ-
isms, catalyzes the crucial step in the synthesis of bioactive
peptides.15,16 In DILI, hepatic protection mechanisms help to
signicantly up-regulate the activity of LAP, even in the early
stages.17,18 In view of these key features, LAP is oen selected as
an in situ biomarker and specic trigger to develop activatable
uorescent probes for accurate diagnosis of DILI at an early
stage.17,19,20 Compared with always-on probes, activatable uo-
rogenic probes with high selectivity and low background signal
provide a high signal-to-background ratio (SBR) when detecting
biomarkers of interest.21–25 At the same time, in order to reduce
organic autouorescence and scattering, and improve the
sensitivity, NIR probes facilitate in vivo high SBR imaging,
because they have numerous advantages such as minimum
photodamage to biological samples, low interference from
tissue autouorescence and deeper signal feedback depth.26–29

He et al. successfully reported an activatable NIR uorogenic
probe for high contrast in situ imaging of LAP activity in a DILI
mouse model.30 Yuan et al. screened and designed two chemi-
cally stable activatable NIR uorogenic probes for in vivo
imaging of DILI-related biomarkers (LAP and ONOO�), and
visually evaluated the therapeutic effects of clinical
Chem. Sci., 2021, 12, 14855–14862 | 14855
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hepatoprotective drugs.31 Wang et al. designed LAP-activated
uorescent probes based on intramolecular rearrangement for
high SBR detection of LAP in living systems.32,33

Although the currently reported probes provide the primary
merits of high selectivity, real-time feedback and tailor-made
features, small molecular uorogenic probes for visualization of
drug-induced liver injury still have obvious disadvantages.11,34,35

Most imaging probes enter the liver through passive targeting
and suffer from rapid clearance in the liver, which makes it
difficult for those probes to accumulate adequately inside the
liver within a short time, resulting in low signal strength and
sensitivity in the liver region.36,37 Active targeting strategies can
signicantly improve the accumulation of small molecular
probes in the region of interest by introducing functional
groups.27,38–41 Therefore, it is highly desirable to design probes
with stronger intrahepatic targeting capability to improve the in
situ accumulation and imaging sensitivity of the probe in the
liver, which can apparently facilitate the diagnosis of DILI as
well as further research on the clinical biological characteristics
of biomarkers. As a signalling molecule, cholic acid is involved
in multiple pathways in the liver, and can be actively trans-
ported into hepatocytes, showing inherent hepatocyte target-
ing.42–44 In view of the key features, a few dyes and prodrugs
modied with cholic acid have been designed to enhance their
in situ delivery in the liver.36,45,46 Therefore, cholic acid can serve
as a potential group to develop probes with efficient hepatic
targeting ability.

In this work, we report a cholic acid-modied NIR uoro-
genic probe (hCy-CA-LAP) for uorescence imaging of DILI. The
introduction of cholic acid can improve the intrahepatic tar-
geting capability of hCy-CA-LAP, thereby signicantly
increasing the enrichment of probe molecules in the liver.36,47

hCy-CA-LAP is composed of an NIR uorescence signaling
moiety (hemicyanine uorophore, hCy), a hepatocyte-targeting
moiety (cholic acid) for efficient hepatic enrichment, and a LAP
recognition moiety (L-leucine amide). The recognition part is
connected to the uorophore hCy-CA through a self-immolative
linker, and serves as the LAP-responsive part and uorescence
quencher (Scheme 1). The probe hCy-CA-LAP can achieve
effective in situ accumulation in the liver, where it is converted
into a high-emission hCy-CA uorophore by the pathological
level of LAP in DILI. The combination of activatability, NIR
Scheme 1 Chemical structures of hCy-CA-LAP and hCy-LAP, and
schematic illustration of hCy-CA-LAP for fluorescence imaging of LAP
in DILI.

14856 | Chem. Sci., 2021, 12, 14855–14862
uorescence and highly targeted accumulation can effectively
improve the in vivo imaging effect and realize the highly
sensitive and intensive diagnosis of DILI in the early stage.
Results and discussion
Design and synthesis of hCy-CA-LAP and hCy-LAP

Here, we designed an NIR uorogenic probe hCy-CA-LAP with
efficient intrahepatic targeting and LAP response characteris-
tics. The hCy skeleton was chosen as the signal reporter because
of its strong NIR uorescence and multiple modiable sites for
introducing the targeting group and analyte response group.35

hCy-NH2 was synthesized according to the reported method.48

First, the intrahepatic targeting group cholic acid was incor-
porated into the uorophore to obtain hCy-CA, which is the
precursor of the probe hCy-CA-LAP. hCy-CA consists of
a hydroxyl group at the end of the NIR uorophore, which is the
reason for its high quantum yield. Subsequently, Fmoc-Leu-Br
was introduced into the precursor through a nucleophilic
substitution reaction, and nally the probe hCy-CA-LAP was
obtained aer Fmoc deprotection, which we hoped would give
rise to a uorogenic LAP-reactive probe (Scheme S1†). The
reduction in the uorescence of the probe hCy-CA-LAP is
attributed to the intramolecular photoinduced electron transfer
(PeT) process from the excited uorophore to the free amine. As
a prediction, upon incubation with LAP, L-leucine amide in hCy-
CA-LAP will be eliminated by the hydrolysis of LAP, and then
a 1,6-elimination of the self-immolative linker will lead to the
regeneration of free hCy-CA, leading to uorescence recovery. At
the same time, hCy-LAP without the hepatocyte-targeting
moiety was constructed as a control probe. All chemical struc-
tures are fully characterized by nuclear magnetic resonance
Fig. 1 In vitro response of hCy-CA-LAP and hCy-LAP toward LAP.
Absorption spectra and fluorescence spectra of hCy-CA-LAP (A and B)
and hCy-LAP (C and D) (10 mM) in the absence and presence of LAP
(0.2 U mL�1), lex ¼ 680 nm. (Insets B and D) NIR fluorescence images
of the two probes before and after reactingwith LAP, lex¼ 640 nm and
lem ¼ 740 nm. All spectra were recorded in PBS buffer (10 mM, pH ¼
7.4, containing 1% DMSO) at 37 �C.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(NMR) and high-resolution electrospray ionization mass spec-
trometry (HRMS-ESI), as shown in the ESI (Fig. S15–S22†).
Selective detection of LAP in vitro

The optical properties of the two probes and their responsive-
ness to LAP were evaluated. As shown in Fig. 1, hCy-CA-LAP and
hCy-LAP had maximum absorption peaks at 615 nm and 603
nm and negligible uorescence intensity due to the quenching
effect of the free amine in the reactive group (F < 0.01). Aer
reacting with LAP, the maximum absorption peaks of both
probes produced a bathochromic shi to about 680 nm. The
uorescence intensity of hCy-CA-LAP at 710 nm dramatically
increased by 27 times (F ¼ 0.20) compared with that of hCy-CA-
LAP alone. Under the same conditions, the uorescence inten-
sity of the control probe hCy-LAP at 705 nm increased by 78-
times (F¼ 0.27) in response to LAP stimulation (Table S1†). The
NIR uorescence images of both probes also showed high-
contrast uorescence changes, with no uorescence in the
probe-only sample and signicantly increased uorescence in
the LAP-treated sample (Fig. 1B and D inner images). This
indicates that both probes are converted into high emission
uorophores with high SBR uorescence in the NIR region,
which shows favorable sensitivity to LAP. Meanwhile, the
maximum uorescence peaks of the two probes differ by 5 nm.
It is speculated that the introduction of the hydrophobic cholic
acid group weakens the water solubility of the probe hCy-CA-
LAP, which is related to the affinity to LAP and optical perfor-
mance in aqueous solution. In addition, hCy-CA-LAP, hCy-LAP
and their products displayed satisfactory photostability aer 3
hours of continuous irradiation, suggesting the possibility of
using them as LAP-activated NIR probes (Fig. S1†).
Fig. 2 In vitro response of hCy-CA-LAP toward LAP. (A) The sensing kinet
(10 mM) to different concentrations of LAP (0–0.075 U mL�1). (C) Fluo
concentrations of LAP (0–0.2 U mL�1). (D) Linear correlation between t
trations of LAP (0–0.075 U mL�1). (E) Chromatograms of hCy-CA-LAP,
rescence response of hCy-CA-LAP (10 mM) to different analytes (analytes
nm, lem ¼ 705 nm.

© 2021 The Author(s). Published by the Royal Society of Chemistry
A more detailed in vitro selective detection of LAP was per-
formed. As shown in Fig. 2A, the time curve of the uorescence
intensity of hCy-CA-LAP and different concentrations of LAP at
710 nm showed that the reaction reached a plateau within 1 h.
Under the same conditions, the uorescence intensity of hCy-
LAP at 705 nm reached a plateau in about 40 min (Fig. S2A†).
Taking into account the difference in response equilibrium
times of the two probes, the incubation time was 60 min for
hCy-CA-LAP and 40 min for hCy-LAP throughout the in vitro
experiment. The uorescence changes of hCy-CA-LAP in the
presence of different concentrations of LAP are presented in
Fig. 2B. A higher concentration of LAP can promote the reaction
with hCy-CA-LAP and the release of the uorophore. At the same
time, the uorescence intensity of hCy-CA-LAP at 710 nm
gradually increased with incremental concentrations of LAP,
and reached a basic equilibrium when the LAP concentration
was 0.075 U mL�1, and exhibited good linearity at low concen-
trations of LAP (0–0.075U mL�1) (Fig. 2C and D). A similar trend
in uorescence response to different concentrations of LAP was
also observed when testing hCy-LAP (Fig. S2†). The limit of
detection (LOD) of hCy-CA-LAP and hCy-LAP was determined to
be 0.0067 U mL�1 and 0.002 U mL�1 calculated using the
formula 3s/k, respectively (Table S1†). Therefore, hCy-CA-LAP
and hCy-LAP are capable of well quantifying the content and
activity of LAP based on the changes in uorescence.

High-performance liquid chromatography (HPLC) and
HRMS-ESI were used to further verify the above reaction
mechanism. HPLC results showed that probe hCy-CA-LAP had
a clear characteristic peak at 5.341 min. Aer the addition of
LAP, the probe peak decreased signicantly and a new peak
appeared (retention time, TR ¼ 6.048 min), which was the same
ics of hCy-CA-LAP (F710 nm) and (B) fluorescence responses of hCy-LAP
rescence intensity of hCy-CA-LAP (10 mM) at 710 nm with different
he fluorescence intensity of hCy-CA-LAP at 710 nm and low concen-
hCy-CA-LAP reacting with LAP and hCy-CA, labs ¼ 600 nm. (F) Fluo-
: 1 mM, enzyme: 0.1 U mL�1) in PBS buffer (pH 7.4) at 37 �C. lex ¼ 680

Chem. Sci., 2021, 12, 14855–14862 | 14857
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as that of the product hCy-CA (Fig. 2E). Synchronous mass
spectrometry further conrmed the results. The mass spectrum
clearly showed the characteristic peak of hCy-CA-LAP with
a molecular weight of m/z ¼ 1069.6185 [M]+ (calculated m/z ¼
1069.6180 [M]+) (Fig. S3†). Aer treating with LAP, a new mass
peak appeared at m/z ¼ 851.4788 [M]+, which was consistent
with the expected product hCy-CA (calculated m/z ¼ 851.4760,
[M]+) (Fig. S4†). This is strong evidence conrming the
successful release of hCy-CA by the LAP-catalyzed elimination of
the L-leucine amide moiety and the spontaneous elimination of
the self-immolative linker, which is consistent with the ex-
pected reaction mechanism. HPLC and HRMS-ESI data also
demonstrated the successful release of hCy (TR ¼ 5.975 min,m/
z ¼ 446.1889 [M]+) from hCy-LAP (TR ¼ 5.300 min, m/z ¼
664.3382 [M]+) aer incubating with LAP (Fig. S5–S7†).

Subsequently, to demonstrate the potential for unique
recognition of LAP, the selectivity of the LAP-activated probe in
the presence of other potential coexisting interferents was
evaluated, including ions (Na+, K+, Ca2+, Mg2+, Zn2+, Cu2+),
biomolecules (glucose, glutathione, cysteine, vitamin C), redox
species (HS�, ClO�, H2O2) and related enzymes (nitroreductase,
alkaline phosphatase, b-galactosidase). The results showed that
uorescence intensity was negligible aer incubation of hCy-
CA-LAP or hCy-LAP with those potential interferents (Fig. 2F
and S8†). Both hCy-CA-LAP and hCy-LAP can react rapidly with
the individual enzyme LAP, with a strong uorescence
enhancement, rather than with other potential interference
species. In addition, a change in pH from 5.0 to 9.0 had little
effect on the response of the two probes to LAP, indicating that
both probes performed well under physiological conditions
(Fig. S9†). Therefore, they can serve as effective probes for
Fig. 3 Fluorescence imaging of LO2 cells (A) and HepG2 cells (B) incub
pretreatedwith 100 mMbestatin for 1 h; (c) cells pretreated with 1mM APA
with 100 mM bestatin for 1 h; (e) cells pretreated with 100 mM NAC for
fluorescence intensity of the corresponding fluorescence images in pan
0.05, **P < 0.01, and ***P < 0.001.

14858 | Chem. Sci., 2021, 12, 14855–14862
selective detection of LAP under complex physiological
conditions.

Fluorescence imaging of endogenous LAP in living cells

Inspired by the outstanding performance in vitro, we evaluated
the potential of these two probes to monitor endogenous LAP in
living cells. The biocompatibility of the probe was evaluated by
exposing LO2 or HepG2 cells to various concentrations of hCy-
CA-LAP or hCy-LAP for 24 h, respectively. As shown in Fig. S10,†
more than 95% of LO2 and HepG2 cells survived even at 10 mM
hCy-CA-LAP, indicating that the cytotoxicity of hCy-CA-LAP to
living cells was negligible. To our surprise, for the control probe,
10 mM hCy-LAP signicantly reduced the cell viability, where the
viability of LO2 cells was 47% and that of HepG2 cells was only
34%. Therefore, only hCy-CA-LAP with good biocompatibility
was further used to detect and monitor endogenous LAP in LO2
and HepG2 cells.

Acetaminophen (APAP) treatment at a toxic dosage has been
proved to induce hepatocyte injury, accompanied by a complex
cascade of hepatic self-protection pathways.49,50 Several experi-
ments have reported that the up-regulation of LAP is
a biomarker that is signicantly related to hepatocyte injury.51–53

Therefore, we tested the activity level of LAP in cells stimulated
by drugs. As shown in Fig. 3A and C, the uorescence of LO2
cells was weak aer treatment with hCy-CA-LAP, which is due to
the relatively low concentration of LAP in normal LO2 cells
under physiological conditions. To manifest the specicity of
the probe, bestatin, an activity inhibitor of LAP, was used in
further study.54 Aer pretreatment with bestatin for 1 h, the LO2
cells incubated with hCy-CA-LAP had almost no uorescence.
Compared with the control group without bestatin, the
ated with hCy-CA-LAP (10 mM) for 30 min: (a) untreated cells; (b) cells
P for 12 h; (d) cells pretreatedwith 1mMAPAP for 12 h, and then treated
1 h, and then treated with 1 mM APAP for 12 h. (C) and (D) Relative
els A and B, lex ¼ 639 nm, lem ¼ 663–738 nm. Scale bar: 25 mm. *P <

© 2021 The Author(s). Published by the Royal Society of Chemistry
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signicantly suppressed uorescence intensity proved that the
uorescence response of hCy-CA-LAP in cells was closely related
to the enzymatic activity of LAP. In the APAP stimulation group,
the uorescence of LO2 cells increased signicantly aer 12 h of
APAP pretreatment, while the uorescence of the APAP + bes-
tatin + hCy-CA-LAP group was signicantly suppressed
compared with the group treated with APAP only. Aer that, the
protective effect of N-acetylcysteine (NAC), a hepatic protectant
used to repair APAP-induced hepatocyte injury, was tested.31

The results showed that NAC pretreatment also signicantly
suppressed the uorescence intensity. A similar trend in uo-
rescence changes aer incubation with hCy-CA-LAP was also
observed in HepG2 cells (Fig. 3B and D). Therefore, the release
of free hCy-CA and the unique uorescence response of hCy-CA-
LAP are indeed caused by the specic cleavage by LAP in cells.
As a further proof of the concept, a comparison of uorescence
intensity was observed in two cell lines with different LAP
enzyme activities. Compared with LO2 cells with a physiological
level of LAP activity, aer treatment with hCy-CA-LAP, brighter
uorescence was observed in HepG2 cells with highly expressed
LAP. Therefore, this dramatically uctuant uorescence inten-
sity was closely related to the activity and content of LAP in cells,
proving that hCy-CA-LAP had excellent selectivity and sensitivity
for imaging endogenous LAP in living cells.
Fig. 4 In vivo fluorescence imaging of APAP-induced acute liver injury. (
construction and in vivo fluorescence imaging of LAP. (B) Time-depend
with APAP (300 mg kg�1, 200 mL) or PBS (200 mL) for 1 h, and then injecte
the fluorescence signal in (B) **P < 0.01, and ***P < 0.001, and n.s.: not si
vivo imaging of liver dissected from mice after intravenously injected w
tissues from Balb/c mice treated with APAP (300 mg kg�1, 200 mL) and

© 2021 The Author(s). Published by the Royal Society of Chemistry
Fluorescence imaging of LAP in a mouse model of APAP-
induced acute liver injury

Acute liver injury may occur in healthy individuals without
a history of related diseases or in patients who have already
suffered from serious diseases.55 If le untreated, DILI can
develop into severe damage.56,57 It is very important to develop
intrahepatic targeted molecular probes for accurate diagnosis
of acute liver injury in vivo. Although the probe hCy-LAP has
shown toxicity to LO2 cells in previous cell experiments, in vivo
imaging of hCy-LAP can still be used as a control probe to
observe whether the additional cholic acid has a benecial
effect on imaging performance in vivo. Balb/c female mice were
intraperitoneally injected with an overdose of APAP (300 mg
kg�1) for 1 h as the model of acute liver injury, and mice
injected with an equal volume of PBS solution were used as
a control group. All mice were then injected intravenously with
hCy-CA-LAP or hCy-LAP (50 mM, 100 mL) for in vivo uorescence
imaging (Fig. 4A). As shown in Fig. 4B and C, aer the admin-
istration of hCy-CA-LAP, the uorescence signal in the liver
region gradually increased over time, indicating the rapid
intrahepatic accumulation of hCy-CA-LAP and its rapid
response to intrahepatic LAP. Throughout the imaging process,
signicantly higher uorescence signals were observed in APAP-
A) Schematic diagram of APAP-induced acute liver injury mouse model
ent in vivo fluorescence imaging. Balb/c female mice were pretreated
d intravenously with hCy-CA-LAP (50 mM, 100 mL). (C) Quantification of
gnificant, compared with the control group (PBS-treated group). (D) Ex
ith hCy-CA-LAP (50 mM, 100 mL) for 3 h. (E) Histological study of liver
PBS (200 mL), lex ¼ 640 nm, lem ¼ 740 nm.
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stimulated mice compared to the control group, achieving high-
performance in vivo imaging of DILI with high sensitivity. The
uorescence intensity of the dissected liver which was admin-
istered hCy-CA-LAP showed a more signicant increase between
APAP and PBS-treated mice (Fig. 4D). The in vivo biodistribution
of hCy-CA-LAP indicated that the probe was mainly distributed
in the liver (Fig. S11†). Moreover, the liver tissues stained with
hematoxylin & eosin (H&E) were also analyzed to evaluate liver
injury. There was no obvious morphological change in the liver
tissue of PBS-treated mice, while swollen hepatocytes and
Kupffer cell proliferation were observed in that of APAP-treated
mice (Fig. 4E). In addition, mice treated with APAP and PBS
injected intravenously with hCy-LAP showed a similar trend of
uorescence change to hCy-CA-LAP (Fig. S12†). However, in
contrast to the faster response and better performance of hCy-
LAP than hCy-CA-LAP throughout the in vitro test, when applied
to in vivo uorescence imaging of DILI mice, the enriched
imaging of the probe hCy-CA-LAP in the liver showed stronger
uorescence and higher hepatic targeting ability than hCy-LAP
under the same APAP administration conditions. Although hCy-
LAP showed a relatively stronger uorescence signal in DILI
mice than normal mice, further quantitative data showed that
hCy-CA-LAP had a signicantly stronger imaging signal at the
Fig. 5 In vivo fluorescence imaging of RFP-induced cholestatic liver inju
LAP in a mouse model of RFP-induced cholestatic liver injury. (B) Time-d
RFP (300 mg kg�1 d�1, dissolved in 200 mL aqueous solution of 0.5% CM
solution (200 mL) was intragastrically given as control, and then intraveno
treatment. lex ¼ 640 nm, lem ¼ 740 nm. (C) Quantification of fluoresc
compared with the control group (CMC-Na treated group). (D) Ex vivo i
hCy-CA-LAP for 60 min. (E) Histology studies of liver tissues from Balb
arrows: swollen hepatocytes; blue arrows: lipid vacuoles; green circles:

14860 | Chem. Sci., 2021, 12, 14855–14862
liver site than hCy-LAP (Fig. S13†). In vivo results showed that
the additional cholic acid group in the structure of hCy-CA-LAP
as an intrahepatic targeting moiety can increase the enrichment
of probe molecules in the liver, which will signicantly improve
the imaging sensitivity in the liver. Therefore, this design
provides a promising strategy for effective intrahepatic targets
of in vivo imaging probes and prodrugs.
Fluorescence imaging of LAP in a mouse model of RFP-
induced cholestatic liver injury

Rifampicin (RFP) is a rst-line oral agent for the treatment of
tuberculosis.58 However, hepatotoxicity is a well-known side
effect of improper use of RFP, which poses a risk to patients who
take RFP for a long period.59 Biliary excretion disorder is the
primary pathological symptom caused by long-term use of RFP.
If le untreated, it can develop into cholestatic liver injury
cirrhosis.60 Therefore, it is of great signicance to develop
highly sensitive and accurate methods for early detection of
cholestatic liver injury.

Our aim was to image and map the enzymatic activity of LAP
in a mouse model of cholestatic liver injury. Cholestatic liver
injury leads to an elevated activity of intrahepatic LAP. In this
ry. (A) Schematic diagram of hCy-CA-LAP for fluorescence imaging of
ependent in vivo fluorescence imaging. Balb/c female mice were given
C-Na) intragastrically for 1 or 3 days, and RFP-free CMC-Na aqueous
usly injected with hCy-CA-LAP (50 mM, 100 mL) at 6 h after the last drug
ence signal in (B). *P < 0.05, and **P < 0.01, and n.s.: not significant,
maging of livers dissected from mice after intravenously injected with
/c mice treated with RFP for 1 or 3 days and CMC-Na solution. Black
nuclear debris and necrosis of hepatocytes.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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experiment, untreated female Balb/c mice were randomly
divided into three groups. Aer fasting overnight, the mice were
given RFP intragastrically at a hepatotoxic dosage (300 mg kg�1

d�1) for one or three days. The control group was given
carboxymethylcellulose sodium (CMC-Na) solution (200 mL)
intragastrically. hCy-CA-LAP was then intravenously adminis-
tered 6 h aer the last drug treatment (Fig. 5A). Initially, there
was no uorescence signal in the abdomen of the mice
receiving a single dose of RFP, but over time, the uorescence
signal in the upper abdomen gradually increased and matched
well with the liver region, indicating elevated intrahepatic LAP
levels (Fig. 5B). Compared with the single-dose RFP group,
a higher uorescence signal was observed in the upper
abdomen of mice treated with 3 times the dose of RFP. In
contrast, obviously weak uorescence was observed throughout
the imaging process in the CMC-Na-treated group. Similarly,
the quantitative signal also showed a higher uorescence signal
than the CMC-Na-treated group for imaging RFP-induced
cholestatic liver injury, indicating that the probe hCy-CA-LAP
with an intrahepatic target can map the hepatic LAP level
(Fig. 5C). The uorescence intensity of the dissected liver which
was administered hCy-CA-LAP showed signicant differences
betweenmice treated with RFP for one or three days and control
mice (Fig. 5D). The histological analysis of liver tissue was also
conducted to evaluate liver injury. There were no obvious
pathological changes in the CMC-Na-treated group, indicating
that 5% CMC-Na aqueous solution has no hepatotoxicity. In
contrast, swollen hepatocytes were observed in mice that
received a single dose of RFP. In addition to the swollen hepa-
tocytes, more obvious pathological changes such as lipid vacu-
oles, cholestasis, nuclear debris and hepatocyte necrosis
indicated that the liver injury in mice treated with 3 times the
dose of RFP was more severe (Fig. 5E). The in vivo bio-
distribution of hCy-CA-LAP showed that the probe was mainly
distributed in the liver (Fig. S14†). Due to its excellent imaging
features, hCy-CA-LAP can serve as an effective strategy for early
and accurate diagnosis of RFP-induced cholestatic liver injury
and in further research on the clinical biological characteristics
of biomarkers.
Conclusions

In summary, we have constructed a LAP-activated NIR uoro-
genic probe with high hepatocyte-targeting ability for accurate
and sensitive imaging of LAP in DILI. Probe hCy-CA-LAP
provided a low detection limit for LAP (0.0067 U mL�1) and
achieved sensitive detection of small uctuations of LAP in
living cells. The introduction of cholic acid realized the high-
efficiency intrahepatic targeting of hCy-CA-LAP, which contrib-
uted to the highly sensitive and high-contrast imaging of LAP in
vivo. Furthermore, hCy-CA-LAP further demonstrated the ability
to visualize the pathological level of LAP in the mouse model of
APAP or RFP induced liver injury. Therefore, our work may
provide an effective strategy for facilitating DILI diagnosis,
medicine evaluation and further research on the clinical and
biological characteristics of biomarkers.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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