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Molecular probes activated by a single enzyme have been extensively used in bioimaging and disease
diagnosis; however, imaging and identification in an accurate manner remains a challenge for such
probes. Here, based on the specificity of enzyme recognition, we engineered a “double-locked” and
enzyme-activated molecular probe (NML) for accurate bioimaging and hepatopathy differentiation.
Triggered by the successive reactions with leucine aminopeptidase (LAP, first “key”) and monoamine
oxidase (MAO, second "key"), the emissive fluorophore (NF) was released. NML can be activated only in
the presence of both LAP and MAO and can be silenced when either enzyme is inhibited. Benefiting

from the "double-locked"” strategy, NML showed higher accuracy for imaging of drug-induced liver injury
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Accepted 15th Oc)t/ober 2019 (DILI) than the "single-locked” probe. With serum testing, NML showed significant differences in mouse
models of both CCls-induced liver cirrhosis and DILI. Significantly, NML can be applied to accurately

DOI: 10.1035/¢95c03628h distinguish serum samples from clinical patients with different hepatopathies. Our smart molecular probe
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Introduction

Hepatopathy encompasses hepatitis and cirrhosis which are
major afflictions across the globe resulting in a high annual
mortality rate." This alarming statistic appears to stem from an
inability to accurately diagnose and differentiate these diseases
at an early stage. In fact, hepatopathy in its early stages is often
symptomatically generalized, thus limiting reliable identifica-
tion of the type of hepatopathy in hand. Currently, standard
diagnostic methods for hepatopathy detection, such as histo-
pathology or molecular medical imaging, are usually ineffective
in the middle and late stages of the disease, leading to delayed
diagnosis and the resultant elevated mortality.> Therefore, it
would be desirable to develop a simple and convenient tool able
to assist in the accurate visual bioimaging and diagnosis as well
as differentiation of different liver disorders at an early stage.
Serum testing has become an important procedure for the
clinical diagnosis of hepatopathy due to its high efficiency.?
However, the current clinical detection methods of markers in
serum, such as radiological and immunological methods, are
often characterized by high detection thresholds and false
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may hold great potential for hepatopathy diagnosis and clinical transformation.

positives.* Fluorescence-based molecular imaging, on the other
hand, with its excellent spatiotemporal sampling capabilities,
holds great promise for diagnosis and imaging of hepatopathy
because of its high sensitivity and noninvasiveness.® In partic-
ular, a combination of serum testing and in vivo molecular
fluorescence imaging would be expected to deliver simplicity
and reliability. Many hepatopathy models overexpress
biomarkers of interest, including enzymes, which have become
particularly important owing to their high specificity.® Of
course, detection of these enzymes requires the availability of
imaging probes acting as artificial substrates. In the past few
years, activatable molecular probes have been extensively
applied for selective activation by only one enzyme known to be
upregulated in diseased tissues.” However, using only one
marker as a criterion for the diagnosis of hepatopathy runs the
risk of misdiagnosis, as a false positive signal might also be
observed in healthy tissue.® Application of a probe responding
to just one enzymatic biomarker might therefore turn out to be
unsatisfactory. To overcome this problem, the addition of
a second selection criterion might be the best choice. Impor-
tantly, due to successive cleavage by two enzymes, the probe
may show a lower background fluorescence when the two
enzymes are less expressed, which makes it more accurate in
the field of bioimaging. Following this trend, design of a two-
enzyme biomarker activatable molecular probe for accurate
imaging and differentiation of hepatopathy may hold great
potential in clinic.
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Leucine aminopeptidase (LAP) is an important metal-
lopeptidase which selectively catalyzes the hydrolytic removal of
leucine residues from the N-terminus of proteins and peptides.®
Importantly, researchers have reported that diseased hepato-
cytes have higher LAP activity than normal hepatocytes.> Thus,
LAP might serve as a specific marker for the differentiation
between diseased and normal hepatocytes. Monoamine oxidase
(MAO) belongs to a family of flavoenzymes that are produced in
most cell types and catalyzes the oxidative conversion of
monoamines into aldehydes and ammonia or amines.” The
measurement of MAO contributes to the diagnosis and differ-
ential diagnosis of hepatopathy, especially for early diagnosis of
cirrhosis of the liver.'* Although some enzyme-activated
molecular probes activated only by LAP or MAO have been
developed,™ their nonspecific activation by less expressed but
ubiquitous proteases in tissues may cause false positive signals
and limit their clinical applications (Scheme 1A). Thus, we
decided to explore the hypothesis that dual-activation and
imaging of LAP and MAO in serum may lead to a more accurate
diagnosis of hepatopathy.

Therefore, in this work, we reported a molecular probe
(NML) which can be unlocked by successive chemical conver-
sion by two specific biomarkers of hepatopathy: LAP and MAO
(the two “keys”). Compared with the previous strategy of
a “single-locked” probe, NML, which operates by a “double-
locked” two enzyme sequential activation strategy, has higher
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specificity and accuracy (Scheme 1B). We then demonstrated
the utility of NML for the accurate diagnosis of hepatopathy
through serum testing (Scheme 1C and D). NML contains
a masked fluorophore (NF) that, in its unmasked form, emits in
the near-infrared (NIR) region, thus avoiding interference of
serum background fluorescence." The phenolic nature of the
chosen fluorophore allows for the silencing of its fluorescence
when incorporated into NML (Table S1t). The probe was
designed by linking a leucine (first “lock”) to a propylamine unit
(second “lock”) via a pseudo-peptide bond, which in turn is
linked via an ether bond to the silenced NIR fluorophore via an
elimination-type spacer, a para-hydroxybenzyl group. The
pseudo-peptide bond can be cleaved by LAP (first “key”), while
exposure of the resulting amino group to MAO (second “key”)
results in oxidation and B-elimination to release the fluo-
rophore, accompanied by fluorescence emission at 720 nm.
NML can be activated in vitro and in vivo only in the presence of
both LAP and MAO but remains silent when either of the
enzymes is absent or inhibited.

Results and discussion

Fig. 1 shows the spectroscopic properties of NML and its
response to LAP or MAO. Four different scenarios were tested
under physiological conditions: (i) the presence of both LAP and
MAO, (ii) LAP alone, (iii) MAO alone, and (iv) no enzyme
(Fig. 1A). Only in the presence of both enzymes do we see
a pronounced red shift of absorption and a sharp increase of
fluorescence emission at 720 nm (Fig. 1A and B). Fluorescence
at 720 nm rose with increasing concentrations of LAP or MAO
and showed a linear relationship at a low enzyme concentration
(0-20 U L™ " for LAP and for MAO) (Fig. 1C). In addition, when
one of the enzymes is saturated, the fluorescence intensity of
NML depends on the concentration of the other enzyme
(Fig. S17). Probe response plots at 720 nm in the presence of
both enzymes at different concentrations are shown in Fig. 1D.
A higher concentration of LAP and MAO could induce a faster
cleavage reaction and an increased fluorescence signal, reach-
ing a plateau in about 2 h. In addition, the kinetics of the
reaction of LAP with NML (50 uM) at a concentration of 1000 U
L~! for different durations (0-50 min) were also recorded by
HPLC under physiological conditions. As shown in Fig. S2,}
NML was completely converted into NM in 40 min, and the
response reached a plateau. Therefore, in the two-step cleavage
reaction, we can conclude that the first step is a faster step and
the second step is the rate-limiting step. Of the four scenarios,
only the one in the presence of both LAP and MAO led to a brisk
response in fluorescence. By contrast, in the absence of either of
the enzymes, no change in fluorescence was observed (Fig. 1E).
In fact, the intact probe NML shows residual fluorescence which
we attribute to the ether nature of the link between the spacer
and the phenolic hydroxyl. Interestingly, the fact that three
successive chemical reactions have to occur before the fluo-
rophore is released does not compromise the signal build-up. In
addition, we studied the effects of varying pH on the fluores-
cence of NML in the presence of LAP and MAO. As shown in
Fig. S3,7 the build-up of fluorescence is largely affected by

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (A) Normalized absorption spectra of NML (10 pM) before and
after the reaction with LAP (100 U L™%) or MAO (100 U L™). (B) Emission
spectra of NML (10 puM) at different concentrations of LAP and MAO.
(C) Linear fluorescence responses at low concentrations of LAP and
MAO. (D) Time-dependent response of NML (10 uM) to LAP and MAO
with different concentrations (LAP + MAO: 0+ 0U L™, 25+ 25U L%,
5+5UL510+10UL 5 20+20UL ™ 40+40UL Y 60+60ULY,
80 + 80 U L%, and 100 + 100 U LY. (E) Response of NML (10 pM) to
a fixed concentration of LAP (100 U L™Y or MAO (100 U LY. (F)
Fluorescence response (F — Fg)/Fo of NML (10 uM) in different reaction
systems. (a) NML + MAO + LAP; (b) NML + MAO + LAP + bestatin +
clorgiline; (c) NML + MAO + LAP + clorgiline; (d) NML + MAO + LAP +
bestatin; (€) NML. LAP: 100 U L™%, MAO: 100 U L™, bestatin: 100 pM,
clorgiline: 10 NM. A¢x = 670 nm. The results are the mean standard
deviation of three separate measurements. *P < 0.05, **P < 0.01, and
***P < 0.001, compared with the control group (hormal group).

changing the pH from 4.0 to 9.0. A maximum fluorescence
increase was observed at pH 7.4, which boded well for tests in
authentic biological samples including in vivo applications.
These results indicate that NML can be efficiently activated only
in the presence of both LAP and MAO to produce a turn-on NIR
fluorescence signal.

To confirm the specificity of the probe's response, two
specific inhibitors, bestatin (LAP inhibitor) and clorgiline (MAO
inhibitor), were applied in further tests. As displayed in Fig. 1F,
100 uM bestatin and 10 nM clorgiline produce decreased fluo-
rescence compared to the control group without an inhibitor.
Even in the presence of only one inhibitor, NML could not be
activated. Thus, the off-on response of the probe toward LAP
and MAO is indeed caused by enzymatic activation. On the
other hand, the presence of species potentially interfering with
the mode of action of NML, even at excess concentrations, does
not lead to a change in the fluorescence of the sample (Fig. S4+),
thereby proving the specificity of our probe for the two target
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enzymes. The reaction mechanism of NML with both LAP and
MAO was further explored by mass analysis (Fig. S5f). Upon
reaction with LAP only, a new main peak (m/z = 625.1, M) was
observed which represents NML without the leucine moiety,
while upon reaction with MAO only, no new peak was observed
except a peak at m/z = 740.3(M") which represents NML. In the
presence of both LAP and MAO, a peak at m/z = 426.1(M") was
observed, corresponding to the released fluorophore. The
reaction mechanism was also analyzed by HPLC (Fig. S67).
When NML was incubated with LAP for 30 min, a new peak at
9.987 min was observed, which belongs to NM. When NML was
incubated with MAO for 2 h, no new peak was observed, which
suggests that MAO alone cannot activate the sensor. When NML
was incubated with LAP and MAO for 2 h, a new peak at
13.929 min was observed, which belongs to NF. These results
demonstrated that NML can be converted to NM by LAP and NM
can be converted to NF by MAO, which corresponds to the
mechanism depicted in Scheme 1B. In addition, for compar-
ison, we synthesized two other reference probes NL and NM,
which were activated only by LAP and MAO, respectively. The
response characteristics of the reference probes NL and NM
toward LAP and MAO were also tested in vitro, respectively, and
excellent spectroscopic properties were obtained (Fig. S7-5S97).
The results indicated that NL or NM can serve as a specific
molecular probe for detection of single enzymes.

As reported, LAP and MAO are both overexpressed in HepG2
cells.”'® Our colocalization experiments show that NML, NL and
NM mainly accumulate in mitochondria (Fig. S10 and S11%). A
standard CCK-8 cell viability assay using HepG2 cells demon-
strated low cytotoxicity for NML, NL and NM, suggesting good
biocompatibility (Fig. S12t). The kinetic response of NML to
LAP and MAO in live cells was also investigated via real-time
imaging (Fig. S13t). Fluorescence in cells gradually increased
and reached a plateau in approximately 2 h, indicating good cell
permeability of the probe and reaction with intracellular LAP
and MAO. For NL and NM, gradually enhanced fluorescence
was observed within 30 min and 2 h, respectively (Fig. S147).
Negative controls with known inhibitors (bestatin and clorgi-
line) for the two enzymes support the notion that the observed
fluorescence change within cells is due to enzymatic activation.
Under identical conditions, fluorescence only develops in the
absence of inhibitors, while fluorescence in either bestatin- or
clorgiline-treated cells remains negligible (Fig. 2A and B). In
addition, the strong fluorescence of NL and NM in HepG2 cells
can also be inhibited by bestatin and clorgiline (Fig. S15%).
When NML, NL and NM were used to treat HepG2 cells (hepa-
toma cell line) and L02 cells (normal hepatocyte cell line), they
all showed stronger fluorescence in HepG2 cells (Fig. 2C).
Importantly, NML showed a higher ratio of fluorescence
intensity (Fiepga/Fro2) compared with NL and NM (Fig. 2D).
Similar results were observed in HepG2 and L02 cell lysates
(Fig. S16t). These fluorescence differences represent the relative
level of intracellular LAP or MAO between HepG2 and L02 cells.
Since NML needs to be recognized sequentially by two enzymes,
when the probe binds to LAP first, it will increase the steric
hindrance recognized by MAO. This will make NML insensitive
to lower concentrations of the enzymes and will significantly

Chem. Sci., 2019, 10, 10931-10936 | 10933
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Fig. 2 (A) Confocal fluorescence images of HepG2 cells with NML (10
puM). (@) HepG2 cells preincubated with bestatin (100 uM) and clorgiline
(50 uM) for 1 h; (b) HepG2 cells preincubated with clorgiline (50 uM) for
h; (c) HepG2 cells preincubated with bestatin (100 uM) for 1 h; (d)
intact HepG2 cells. (B) The relative pixel intensity of the corresponding
fluorescence images in panel (A). ***P < 0.001, compared with the
control group (normal group). (C) Fluorescence images of HepG2 and
LO2 cells treated with 10 uM NML, NM or NL. (D) Fluorescence intensity
ratio (Fuepca/FLo2) of NML, NM or NL in HepG2 and LO2 cells shown in
(C). Scale bar: 20 um. Aex = 635 nm and A, = 650-750 nm. The results
are the mean standard deviation of three separate measurements.

increase its detection limit (Table S2t), resulting in NML
exhibiting weaker fluorescence in L02 cells. However, in HepG2
cells, NML, NL and NM can be effectively activated, making the
fluorescence intensity ratio (Fgepg2/Fro2) of NML higher than
that of NL and NM. We then proceeded to investigate the suit-
ability of NML as a molecular probe for in vivo imaging in live
mice. We thus monitored changes in fluorescence following the
direct injection of a dose of NML in PBS buffer into a HepG2
tumor of the BALB/C mice. Over six hours, the tumor region (d
= 8 mm) showed a gradual increase in fluorescence (Fig. S177).
Importantly, when such HepG2 tumors were pretreated with
either bestatin or clorgiline or both, fluorescence was largely
suppressed compared to that in a control group.

Liver injury, for example, drug-induced liver injury (DILI), is
a major public affliction affecting patients and doctors. Acet-
aminophen (APAP), a classic antipyretic and analgesic, has been
reported to have severe hepatotoxicity in excess. Therefore,
development of molecular probes with high accuracy for dis-
tinguishing normal and injured livers is quite necessary. We then
applied NML for accurate bioimaging of DILI. As shown in
Fig. 3A, representative images show higher fluorescence
enhancement in the liver area from 40 to 120 min after admin-
istration of NML compared with NL and NM. Fluorescence
images of dissected livers injected with NML showed more
distinct differentiation between normal and injured livers
(Fig. 3B). In addition, we also explored the biodistribution of NM,
NL and NML in vivo. The results showed that the probes were
mainly accumulated in the liver and kidney after intravenous
administration (Fig. S1871). Furthermore, quantitative data within
the liver region also showed that NML has higher fluorescence
enhancement for imaging APAP-induced hepatotoxicity than NM
and NL (Fig. 3C and D). Moreover, hematoxylin and eosin (H&E)
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Fig. 3 (A) Representative images of BALB/c mice which received PBS
and APAP (200 mg kg~?, 100 pL, intraperitoneally) for 1 h, followed by
NM, NLand NML (50 pL, 100 pM, intravenously) for different durations,
respectively. Aexy = 640 nm and Aem = 695-770 nm. Scale bar: 1 cm. (B)
Representative images of the livers of BALB/c mice in (A). (C and D)
Quantitative fluorescence intensity in (A) and (B), respectively. The
results are the mean standard deviation of three separate measure-
ments. (E) H&E staining of liver tissues from mice treated with PBS and
APAP. Up arrows: enlargement of cell nucleus. Down arrows: cellular
shrinkage. Scale bar: 40 um.

staining of liver tissues was performed to identify the different
histological changes, and cellular shrinkage and enlargement of
cell nuclei were observed (Fig. 3E). All these imaging results
demonstrated that the double-enzyme activated probe (NML)
may have higher accuracy in bioimaging compared with the
single-enzyme activated probes (NM and NL).

Having demonstrated the excellent spectroscopic and
imaging properties of NML both in vitro and in vivo, we pro-
ceeded to evaluate NML for the imaging of LAP and MAO in the
serum of different mouse models (Fig. 4A). Firstly, in order to
build a reliable cirrhotic model, KM mice were subcutaneously
injected with tetrachloromethane (CCl,) to induce hepatotox-
icity on a daily basis for 40 days." Then all the mice were
sacrificed and liver tissues were harvested. H&E staining clearly
showed fibrotic bands (black dotted line) and a large number of
necrotic hepatocytes (red circle) after administration for 40
days, thus demonstrating the establishment of the cirrhotic
model (Fig. 4B and S19t). On the other hand, the drug-induced
liver injury (DILI) mouse model was established through
intraperitoneal injection of acetaminophen (APAP).*® As shown
in Fig. 4B and S20,f observations showed nonuniform
morphology of the hepatocytes, hemorrhage (green circle), and
inflammatory cell infiltration (black circle) in H&E staining,
indicating APAP-induced liver injury. As indicators for evalu-
ating the degree of liver damage, the levels of ALT and AST in
the serum for different administration periods were tested
(Fig. S211). These results indicated the deterioration of the
mouse liver by treatment for different periods.

This journal is © The Royal Society of Chemistry 2019
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Next, we applied NML, NL and NM for distinguishing
different degrees of DILI or cirrhosis through serum tests in 96-
well plates.®* As shown in Fig. S22 and S23, NML, NL and NM
all exhibited a certain degree of fluorescence enhancement in
the serum of both DILI and cirrhotic mice after administration
for different periods, suggesting the overexpression of LAP or
MAO in DILI and cirrhotic mouse serum. Compared with NL
and NM, NML showed a higher fluorescence enhancement in
both DILI and cirrhotic mouse models for different adminis-
tration periods. In order to confirm the reliability of our results,
we tested the LAP and MAO levels in the serum for different
administration periods by using a commercial kit. As shown in
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Fig. 4 (A) Schematic diagram of mouse model construction and
serum testing. (B) H&E staining images of the liver tissues in mouse
models: normal, APAP-9 h, and CCl4-40 d. Arrows: centrilobular vein,
green circle: hemorrhage, black circles: inflammatory cell infiltration,
red circles: necrotic hepatocytes, and black dotted lines: fibrotic
bands. Scale bar: 100 um. Fluorescence images of (C) mouse and (D)
human serum samples in 96-well plates. Each row represents the
different parallel serum samples. (a) Normal group, (b) APAP (9 hours)
group, (c) CCly (40 days) group. N: normal, H: hepatitis B patients, C:
cirrhotic patients. Aex = 640 nm and Ay = 695-770 nm. (E and F)
Quantitative fluorescence intensity in (C) and (D), respectively. The
results are the mean standard deviation of three separate measure-
ments. *P < 0.05 and **P < 0.01, compared with the control group
(normal group).
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Fig. S24,1 the levels of both LAP and MAO increased in the serum
of CCl -administered cirrhotic mice, while only the level of LAP
increased in the serum of APAP-treated DILI mice. Therefore,
using NL, it is hard to distinguish cirrhotic serum from DILI
serum because of the overexpression of LAP in both of the two
models. Using NM, it is hard to distinguish normal serum from
DILI serum because of the low-expression of MAO in both of the
models (Fig. 4C). Compared with NL and NM, NML is suitable for
distinguishing cirrhotic serum (3.3 £ 0.15 times enhancement)
from DILI serum (1.8 £ 0.12 times enhancement) and normal
serum with high accuracy (Fig. 4E). We can conclude that LAP is
the key enzymatic biomarker for the differentiation of normal
serum and DILI serum, while MAO is the key enzymatic
biomarker for the differentiation of DILI serum and cirrhotic
serum. Equipped with the “double-locked” strategy, NML needs
to undergo two-step successive enzymatic cleavage to release the
fluorophore (NF), which results in a lower background fluores-
cence in the serum of normal mice. Therefore, NML is able to
show differentiated fluorescence in different models of mouse
serum, thus enabling differentiation of different hepatopathies.
These combined results indicated that NML-assisted serum
imaging serves as a useful tool with which to differentiate
cirrhotic mice from normal and DILI mice. Significantly, we
applied NML for identifying the serum of patients with different
hepatopathies by using NL and NM as reference probes (Fig. 4D
and F). The observations showed that NML is useful to accurately
differentiate the serum of cirrhotic patients with the over-
expression of both LAP and MAO from that of normal and
hepatitis B patients (Fig. S257), suggesting that NML may have
great potential for hepatopathy diagnosis in clinic.

Conclusions

In summary, we demonstrated that our “double-locked”
molecular probe NML serves to detect and image two “enzyme
keys” (LAP and MAO) which are biomarkers for hepatopathy.
The fluorescence intensity of NML at 720 nm correlates with the
expression levels of LAP and MAO which are found at patho-
logically high levels in hepatopathy. Equipped with the “double-
locked” mode, NML showed higher accuracy for imaging DILI
than the “single-locked” probes, NM and NL. To our delight,
application of NML allows for the accurate distinction of the
serum of normal, DILI and cirrhotic mice. Through intensity
variations for LAP and MAO in serum, NML can distinguish not
only cirrhosis and DILI in different periods but also normal,
DILI and cirrhotic mice. We believe that our dual-enzyme
activated probe may hold great promise for the clinical
diagnosis of cirrhosis and hepatitis. The progressive “double-
locked” and “dual-enzyme-activated” strategy might facilitate
various interventional procedures in clinic, such as image-
guided serum testing or fluorescence-guided accurate surgery
of liver tissues.
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