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ABSTRACT: Accurate diagnosis and therapy are challenging
because most diseases lack a single biomarker that distinguishes
them from other disorders. A solution would enhance targeting
accuracy by using AND-gated combinations of two disease-
associated stimuli. Here, we report a novel “AND” molecular logic
gate, enabling a double-controlled release of intact functional
molecules. Benefiting from a significant difference in intra-
molecular cyclization rate, cargo release occurs notably faster
with the presence of both stimuli. According to this finding, several
AND logic probes have been developed that respond to a broad
scope of stimuli and show remarkably improved signal-to-
background contrast compared to those of monoresponsive
probes. In addition, an AND logic probe that is responsive to monoamine oxidase (MAO) and leucine aminopeptidase (LAP)
has been constructed for hepatopathy diagnosis. It works efficiently in living cells and mouse models. Of note, this probe can
successfully differentiate cirrhotic from hepatitis B by testing the blood samples from patients.

■ INTRODUCTION
Diseases are complex; therefore, methods for diagnosis and
treatment need to achieve accurate targeting in large
populations of similar diseases.1 The development of disease
is always accompanied by abnormal levels of biomolecules that
can be used as biomarkers to differentiate diseased tissues and
normal tissues.2 To enhance targeting accuracy, triggering
moieties have been introduced into smart materials to
recognize disease-associated stimuli (e.g., pH, redox state,
and enzymes),3−5 but a single biomarker is rarely sufficient to
identify a specific disease.6−10 For example, most liver
disorders share elevated transaminase levels in serum.11 As a
result, single-triggered strategies have difficulties in the
accurate recognition of diseases. A multienzymatic trigger has
been established to allow tumor-selective activation of the
prodrug.12 However, this multienzymatic trigger follows “OR”
logic and can be activated by either stimulus. Inspired by the
double-targeting strategy that achieves tumor-selective drug
release,13,14 we seek to develop an “AND” molecular logic
trigger that works when both disease-associated stimuli exist,
which would help to enhance diagnostic and therapeutic
accuracy.
Molecular AND logic controlled release systems have been

emerging as a useful platform for enhanced selectivity of cargo
release.15,16 There are three established models: dual
functionalization, sequential activation, and parallel activation
(Figure 1A). The dual functionalization strategy relies on two
different triggering moieties anchoring two active sites in cargo
molecules. This limits the diversity of the cargo backbone, and

only studies about fluorescent probes have been reported with
this strategy.17−21 To overcome this limitation, the activation
of two triggers functionalized at a single active site has been
developed: sequential activation22−25 and parallel activa-
tion.26,27 However, sequential activation involves two different
triggering moieties connected in series, which restricts their
scope to specific triggering moieties. By contrast, systems
activated by two independent reactions (parallel activation)
have been proved to be generally applicable. However, it is
worth noting that these polymer-based systems sterically block
the function of cargo molecule, and the client drugs can be
released after material degradation with a “tail” remaining,
limiting further applications for developing fluorogenic probes.
A generally applicable AND molecular logic trigger for the
double-controlled release of intact cargo molecules is needed.28

Of interest, N,N-bis(2-hydroxyethyl)glycine amide, denoted
as bicine amide, undergoes a rapid cleavage reaction (t1/2 = 3
h) under aqueous conditions.29 As shown in Figure 1B, both
hydroxyl groups are involved in the cleavage process; the
reaction rate is remarkably faster than that of a single hydroxyl
group. Inspired by the above fact, we design a novel AND
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Figure 1. A generally applicable AND molecular logic gate for double-controlled release of intact functional molecules. (A) Schematic
representation of previous AND logic controlled release strategies and this work. (B) This AND logic trigger functions via a unique cyclization and
works if both caging groups have been removed. Kinetic curve of compounds 1a and 1b (C) and compounds 2a and 2b (D) incubated in PBS (pH
= 7.4, 0.1% DMSO) (n = 3). (E) Chemical structures of representative responsive triggering moieties. (F) Chemical structures of functional cargos.

Figure 2. Bicine is identified as an AND molecular logic trigger. (A) Function mechanism of the AND molecular logic gate. (B) General design and
chemical structure of the bicine-based AND logic trigger and the representative triggering moieties (F = fluoride-responsive, R = reduction-
responsive, O = oxidation-responsive) and functional cargos. (C) Evaluation of AMC fluorophore release from B-AMC, O-B-AMC, F-B-AMC, R-
B-AMC, O&R-B-AMC, R&F-B-AMC, and O&F-B-AMC (10 μM) incubated in PBS (pH = 7.4, 0.1% EtOH) at 24 h (n = 3). (D) Kinetic curve of
AMC release in PBS (pH = 7.4, 0.1% EtOH) (n = 3). (E) Photographs (inset) and evaluation of MR release from B-MR, O-B-MR, R-B-MR, and
O&R-B-MR (10 μM) incubated in PBS (pH = 7.4, 0.1% EtOH) at 10 h (n = 3). (F) Kinetic curve of MR release in PBS (pH = 7.4, 0.1% EtOH, n
= 3). (G−I) Evaluation of AMC release from O&R-B-AMC, R&F-B-AMC, and O&F-B-AMC (10 μM in PBS, pH = 7.4, 0.1% EtOH) at 24 h
under different stimuli (fluoride, 100 mM KF; H2O2, 6 mM H2O2; GSH, 12 mM GSH; n = 3). The above assays were performed at 37 °C without
further modification.
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molecular logic gate that would take intramolecular cyclization
to release intact functional cargos when both triggering
moieties have been removed (Figure 1B). By introducing the
protecting groups, compounds 1b and 2b were synthesized to
study the kinetic difference with their analogues without
protection (compounds 1a and 2a, structure details in Scheme
S1). As shown in Figure 1C,D, compounds 1a and 2a exhibit a
fast release of 3-O-methyl-rhodol (MR) with half-lives of 2.60
± 0.23 and 5.97 ± 0.21 h, respectively, which correspond to
rate increases of 92.3-fold and 32.3-fold relative to compounds
1b and 2b. This AND molecular logic gate can be readily
extendable to different triggering moieties and functional
cargos (Figure 1E,F).

■ RESULTS AND DISCUSSION

As shown in Figure S1, carbamate (compounds S1a and S1b),
amide (compounds 1a and 1b and compounds S4−S8), and
esters (compounds S2 and S3) have been screened for
developing an efficient AND logic gate. It is found that
compounds S1a and S1b undergo slow hydrolysis, while more
electrophilic esters S2 and S3 hydrolyzed rapidly within 1 min.
To our satisfaction, cleavage reactions of amides (compounds
1a and S4a−S8a except for strong electron-withdrawing
compound S6) are significantly faster than those of their
single hydroxyl analogues and may function as an AND gate
for biological applications. 1H NMR spectroscopy is used to
monitor the progress of the cleavage reaction. As shown in
Figure S2, the generation of six-membered cyclic products and

the corresponding ring-opening product is observed, suggest-
ing an intramolecular cyclization mechanism.
We then wondered whether bicine phenylamides could be

developed as a useful AND logic controlled release system,
which can effectively release functional cargos when both
stimuli are present (Figure 2A). To pursue this idea, we first
introduced triggering moieties responsive to fluoride (F),
reduction (R), and oxidation (O) to “bicine-caged” 7-amino-4-
methylcoumarin (B-AMC/S8a) to form three monoprotected
compounds (F-B-AMC, R-B-AMC, and O-B-AMC) and three
diprotected compounds (O&R-B-AMC, R&F-B-AMC, and
O&F-B-AMC; Figure 2B). Then, we compared the AMC
release of these compounds with B-AMC. All compounds are
dissolved in PBS (pH = 7.4, 0.1% EtOH as a cosolvent) at a
final concentration of 10 μM. As shown in Figure 2C, about a
97% release of AMC is detected from B-AMC after 24 h of
incubation, and that of other compounds remains below 8%.
The kinetics of AMC release is further monitored by a
fluorescence spectrophotometer. Both monoprotected and
diprotected compounds are stable in PBS with half-lives of
more than 300 h; nonetheless, the half-life is shortened to 5.82
± 0.39 h for B-AMC (Figure 2D). The replacement of AMC
with MR shows a similar fluorophore release performance. As
shown in Figure 2E, strong green fluorescence is observed
from bicine-caged MR (B-MR/1a) while almost no
fluorescence increase is detected from R-B-MR, O-B-MR, or
O&R-B-MR. More quantitatively, about 98% of MR is released
from B-MR with a half-life of 2.60 ± 0.23 h, and this value is

Figure 3. Dien is identified as another AND molecular logic trigger with enhanced biostability. (A) Schematic representation of the activation of a
dien-based AND logic trigger. Photographs of fluorescence of compounds 3a and 3b (B) and 4a and 4b (C) (10 μM) incubated in PBS (pH = 7.4,
0.1% DMSO) at 2 h. Kinetics curve of compounds 3a and 3b (D) and 4a and 4b (E) (10 μM) incubated in PBS (pH = 7.4, 0.1% DMSO) (n = 3).
(F) General design and chemical structure of the dien-based AND logic trigger. (G−I) Kinetic curve of AMC fluorescence release from O&R-D-
AMC, R&F-D-AMC, and O&F-D-AMC (10 μM in PBS, pH = 7.4, 0.1% EtOH) under different stimuli (control, no treatment; fluoride, 100 mM
KF; H2O2, 6 mM H2O2; GSH, 12 mM GSH; n = 3). (J) Stability of O&R-D-AMC (10 μM) incubated in DMEM with 10% FBS (n = 3). The
above assays were performed at 37 °C without further modification.
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8−65-fold larger than that of other molecules (Figure 2F).
These results suggest that the high reactivity of oxygen atoms
in the bicine backbone can be efficiently silenced by the
triggering moiety.
Encouraged by the above results, we attempted to evaluate

the release behavior of O&R-B-AMC, R&F-B-AMC, and
O&F-B-AMC under different stimuli. As shown in Figure 2G−
I and Figures S3−S5, a notably faster release of AMC occurs
when both programmed stimuli were present. Given the initial
success of the bicine series, we hope to be able to replace the
selected triggering moieties with other chemically orthogonal
moieties responsive to pH,4,5 light,30−32 radiation,33,34 or
chemical triggers.13,35−40 Therefore, bicine was identified as a
generalized structure of AND molecular logic triggers.
To examine whether this bicine-based AND logic controlled

release system works in living cells, we chose O&R-B-AMC as
a model compound and conducted a stability study in cell
culture medium. Unfortunately, less than 5% of O&R-B-AMC
remains after a 24 h incubation in DMEM with 10% FBS,
although it is stable in PBS (Figure S6). We attributed the
instability to carbonate linkage. To address this problem, we

attempted to replace oxygen in nucleophilic sites with nitrogen
resulting in a more stable carbamate linkage, and the resulting
diethylenetriamine-N-phenylacetamide was denoted as dien.
To develop an alternative AND logic trigger with enhanced

stability, we prepared a series of “dien-caged” fluorophores
(compounds 3a and 4a) and the related monoprotected
compounds 3b and 4b (Figure 3A, structures details in Scheme
S6) to evaluate the kinetic profiles of the cleavage reaction with
dien. As shown in Figure 3B,C, strong fluorescence is observed
from compounds 3a and 4a while almost no fluorescence
increase is detected from compounds 3b and 4b. The kinetics
of fluorophore release is further monitored by a fluorescence
spectrophotometer (Figure 3D,E). Fluorescence signals of
compounds 3a and 4a grow with time and reach the plateau in
about 7 and 12 h, respectively. Compounds 3a and 4a exhibit a
rapid release of fluorophores with half-lives of 1.29 ± 0.05 and
2.31 ± 0.19 h, respectively, which correspond to rate increases
of 26.8-fold and 95.8-fold as compared to those of compounds
3b and 4b. Therefore, we concluded that dien undergoes faster
intramolecular cyclization to release free anilines than single
aminoethyl analogues.

Figure 4. AND logic probe (L&M-D-MR) operated by leucine aminopeptidase (LAP) and monoamine oxidase (MAO) and its application in
living cells. (A) Chemical structure of L&M-D-MR. (B) Fluorescence release of L&M-D-MR when treated by indicated stimuli. (C) Fluorescence
spectra of L&M-D-MR (10 μM) under different stimuli (N indicates no treatment, M is 12.5 U/L MAO, L is 12.5 U/L LAP) in PBS (pH = 7.4,
0.1% DMSO). (D) Photographs (inset) and fluorescence response (F − F0)/F0 of L&M-D-MR (10 μM in PBS, pH = 7.4, 0.1% DMSO) in
different reaction systems at 5 h (LAP, 12.5 U/L; MAO, 12.5 U/L) (n = 3). (E) Photographs (inset) and fluorescence response (F − F0)/F0 of
L&M-D-MR (10 μM in PBS, pH = 7.4, 0.1% DMSO) incubated with different inhibitors at 24 h (LAP, 12.5 U/L; MAO, 12.5 U/L; PA, 100 μM;
BST, 100 μM) (n = 3). (F) Preparation of test strips and photographs of test strips after the reaction with LAP (12.5 U/L) or MAO (12.5 U/L) in
PBS (pH = 7.4). (G) Confocal fluorescence images of HepG2 and QSG-7701 cells incubated with L&M-D-MR, LAP-MR, or MAO-MR (10 μM in
DMEM with 10% FBS) for 10 h. Scale bar, 50 μm. (H) Quantification of the cellular fluorescence intensities in panel G. Twenty fields of view were
randomly chosen for each experiment (two-tailed unpaired Student’s t test, ***P < 0.001). LAP activity (I) and MAO activity (J) in HepG2 and
QSG-7701 cells (n = 3). A two-tailed unpaired Student’s t test was performed, *P < 0.1, ***P < 0.001. The above assays were performed at 37 °C
without further modification.
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Encouraged by the above results, we sought to evaluate the
release behavior of the dien series under different stimuli.
Thus, we introduced three different triggering moieties (F =
fluoride-responsive, R = reduction-responsive, and O =
oxidation-responsive) to dien-caged AMC (D-AMC/3a) to
form three diprotected compounds (O&R-D-AMC, O&F-D-
AMC, and R&F-D-AMC) (Figure 3F). As shown in Figure
3G−I, all three compounds achieve a complete release of AMC
in the presence of both stimuli within 10 h. Moreover, the
release behavior is unaffected by different addition orders of
the two stimuli (Figure S7). Given the initial success of the
dien series, we chose O&R-D-AMC as a model compound and
tested its stability in cell culture medium. To our satisfaction,
O&R-D-AMC shows high stability in DMEM with 10% FBS
where more than 95% of O&R-D-AMC remains after 24 h of
incubation (Figure 3J). Taken together, dien is another AND
molecular logic trigger with enhanced biostability.
To examine whether a dien-based AND logic controlled

release system works in living cells, we prepared a dien-based
AND logic probe, denoted as L&M-D-MR, which contains a
monoamine oxidase (MAO)-responsive moiety and leucine
aminopeptidase (LAP)-responsive moiety (Figure 4A). Then,
we examined the kinetic performance of L&M-D-MR in PBS
(pH = 7.4, 0.1% DMSO as a cosolvent) under different
combinations of enzymes using a fluorescence spectropho-
tometer and UV−vis spectrophotometer (Figure 4B−F and
Figure S8). As shown in Figure 4C and Figure S8A, when both
enzymes are presented, a significant increase in the
fluorescence emission at 520 nm and a remarkable red shift
of the absorption can be observed. More quantitatively, the
fluorescence response (F − F0)/F0 of L&M-D-MR incubated
with both MAO and LAP is 200 times higher than those in
other treatments within 5 h (Figure 4D). Then, we monitored

the MR release of L&M-D-MR over a longer period. As shown
in Figure S8B,C, a reaction with both MAO (12.5 U/L) and
LAP (12.5 U/L) induces a gradual increase of fluorescence,
reaching a plateau in about 24 h, while either enzyme only
leads to a slight fluorescence increase. In addition, the increase
in the fluorescence signal at 520 nm depends on the
concentrations of LAP and MAO in a linear manner (Figure
S8D,E), and the detection limits of MAO and LAP are
calculated to be 0.249 and 0.877 U/L, respectively (Figure
S8F). After validating the kinetic performance of L&M-D-MR,
we carried out an enzyme inhibition assay to confirm the
specificity of L&M-D-MR’s response. As illustrated in Figure
4E, 100 μM PA (MAO inhibitor) and 100 μM BST (LAP
inhibitor) decrease the fluorescence signal by 163 times
compared with the control group without an inhibitor. As
expected, it shows background fluorescence in the presence of
either inhibitor, proving the specificity of L&M-D-MR toward
MAO and LAP. Encouraged by the above results, we expanded
the scope of applications of the AND logic probe to the test
strip. Figure 4F shows the preparation and usage of test strips
containing L&M-D-MR. Pleasingly, stronger green fluores-
cence is observed in the test strip treated with both LAP and
MAO under 365 nm UV light. Taken together, we successfully
constructed an AND logic probe responsive to two different
enzymes simultaneously.
For further applications in living cells or animals, the stability

assay and reactivity study in both DMEM (with 10% FBS) and
100-fold diluted serum were performed by UPLC−MS
analysis. As expected, L&M-D-MR shows excellent biostability
in both cell culture medium and 100-fold diluted serum
(Figure S9). As shown in Figure S10, when treated with either
LAP or MAO, a new peak can be observed, referring to M-D-
MR or L-D-MR by mass analysis, and only slight degradation

Figure 5. Serum testing with the AND logic probe can accurately and effectively differentiate liver cirrhosis from hepatitis in patients. (A)
Schematic representation of constructing acetaminophen (APAP) induced liver injury (DILI) models and tetrachloromethane (CCl4) induced liver
cirrhosis models in Kunming (KM) mice. (B) H&E staining images of the liver tissues in healthy, DILI, and cirrhotic mice. Black arrows,
ballooning degeneration; red arrows, necrotic hepatocytes; and black dashed line, fibrotic bands. Scale bar, 25 μm. (C) Photographs of mouse
serum samples treated with L&M-D-MR, LAP-MR, or MAO-MR (50 μM in PBS, pH = 7.4, 0.5% DMSO) in 96-well plates at 37 °C. (D)
Quantification of the fluorescence intensities in panel C. (E, F) LAP and MAO level in the serum of healthy, DILI, and cirrhotic mice (n = 5). A
two-tailed unpaired Student’s t test was performed; N.S., no significant difference, **P < 0.01, ****P < 0.0001. (G) Diagram of human serum
collection. (H) Photographs of human serum samples treated with L&M-D-MR, LAP-MR, or MAO-MR (50 μM in PBS, pH = 7.4, 0.5% DMSO)
in 96-well plates at 37 °C. (I) Quantification of the fluorescence intensities in Figure S19.
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occurs within 12 h. In contrast, when L&M-D-MR is treated
with both enzymes, a new peak at 0.93 min is observed,
referring to D-MR, and a shift toward longer retention time is
detected after 12 h, which is due to much faster intramolecular
cyclization than M-D-MR and L-D-MR. Therefore, we would
suggest that the enzyme-triggered activation of the AND logic
probe would not be affected by adding serum.
Next, we examined the imaging performance of L&M-D-MR

in liver cancer cells (HepG2) and normal liver cells (QSG-
7701). For comparison, we prepared two reference probes
MAO-MR and LAP-MR, which only respond to MAO and
LAP, respectively (Figures S11 and S12). As shown in Figure
S13, no significant cytotoxicities of L&M-D-MR, MAO-MR,
and LAP-MR are observed in both cell lines within 12 h,
suggesting good biocompatibility. Then, we incubated HepG2
cells, which overexpress both MAO and LAP, with 10 μM
L&M-D-MR in DMEM for confocal imaging. Notably, treating
HepG2 cells with L&M-D-MR renders the appearance of
strong green fluorescence (Figure S14A). By contrast, HepG2
cells pretreated with 100 μM PA and/or 100 μM BST retain
background fluorescence. As shown in Figure S14B, the
fluorescence intensity of cells treated with L&M-D-MR is a
5.88-fold increase compared with cells pretreated with
inhibitors. In addition, the fluorescence signal of MAO-MR
and LAP-MR in HepG2 cells can also be decreased by
inhibitors (Figure S15). These results indicate that the
response of three probes in HepG2 cells is determined by
enzymatic activation. Next, we treated QSG-7701 cells, which
only show high MAO activity (Figure 4I,J), with these three
probes. Interestingly, L&M-D-MR exhibits a higher ratio of
FHepG2 to FQSG‑7701 (up to 13.0) compared with MAO-MR and
LAP-MR, which correspond to 3.11 ± 3.37 and 1.49 ± 2.22,
respectively (Figure 4G,H). The presented fluorescence
differences are relative to enzyme activity differences among
cells, suggesting that this AND logic probe has a potential
application in the identification of specific cell lines.
To further explore the potential of this dien-based AND

logic controlled release system for biomedical applications, we
turned to hepatopathy differentiation because both LAP and
MAO are key markers of liver function tests.25 LAP is an
important enzyme that preferentially breaks down the amide
bond between leucine residues and the N-terminus of peptides
and proteins.41,42 Elevated serum levels of LAP have been
found in many liver disorders, such as liver hepatitis, liver
cirrhosis, and liver carcinoma.11,43,44 MAO is a kind of
flavoenzyme that is involved in the oxidation of mono-
amine.45,46 The level of serum MAO activity increases
significantly in early stage fibrosis, making it an important
marker for the early diagnosis of cirrhosis.47,48 Although some
MAO-responsive and LAP-responsive probes have been
reported,49 their nonspecific signal in tissues with low enzyme
activity may limit further biomedical applications. As illustrated
in Figure 4B, a stronger fluorescence signal occurs in the
presence of both enzymes compared to either enzyme, and this
pattern endows the AND logic probe with high selectivity.
Thus, we attempted to explore the potential of a dien-based
AND logic controlled release system for accurate hepatopathy
differentiation.
As shown in Figure 5A, Kunming (KM) mice are divided

into two groups, one of which is intraperitoneally injected with
acetaminophen (APAP) to induce liver injury (DILI). The
other group is intraperitoneally injected with tetrachloro-
methane (CCl4) to build the cirrhotic model. Then, all of the

mice are sacrificed, and blood and liver tissues are harvested.
As illustrated in Figure 5B and Figure S16, ballooning
degeneration of the hepatocytes (black arrows) is found in
the DILI model while clearly fibrotic bands (black dashed line)
and necrotic hepatocytes (red arrows) can be observed in the
cirrhotic mode indicating the successful construction of both
mice models. Then, we incubated different serum samples with
50 μM L&M-D-MR, LAP-MR, and MAO-MR in 96-well plates
at 37 °C. As shown in Figure 5C and Figure S17, all three
probes exhibit a strong green fluorescence signal in the serum
of cirrhotic mice. However, increased fluorescence is also
observed in the serum of DILI mice treated with LAP-MR, and
serums from both healthy mice and DILI mice are lighted by
MAO-MR. To confirm the reliability of our results, we
measured the serum level of LAP and MAO using commercial
kits. As expected, the serum level of LAP increases significantly
in both DILI mice and cirrhotic mice, corresponding to a 4.62-
fold and 5.99-fold change over healthy mice, respectively
(Figure 5E). Although there is a 5.46-fold increase in the
serum level of MAO in cirrhotic mice, the background activity
of MAO in healthy mice and DILI mice could not be neglected
(more than 3000 U/L) (Figure 5F). Therefore, using LAP-
MR, it is hard to distinguish cirrhotic mice from DILI mice due
to the elevated level of LAP in both models. It is also difficult
for MAO-MR to distinguish cirrhotic mice from DILI mice
and healthy mice because of the background activity of MAO
in both mice. On the contrary, L&M-D-MR exhibits an
excellent performance for distinguishing cirrhotic mice from
DILI mice and healthy mice with a high signal-to-background
ratio of 15.7 (Figure 5D).
These encouraging results prompt us to apply L&M-D-MR

for identifying different hepatopathies by human serum testing
(Figure 5G). As shown in Figure S18, the serum levels of both
LAP and MAO increase in cirrhotic patients compared to
healthy people (6.51 times and 4.20 times enhancement,
respectively) while only an elevated serum level of LAP is
observed in hepatitis B patients. Then, we incubated human
serum samples with L&M-D-MR, LAP-MR, and MAO-MR
under the same condition used in mouse serum testing. To our
satisfaction, L&M-D-MR shows a much stronger green
fluorescence signal in the serum of cirrhotic patients with a
high signal-to-background ratio of 20.3 (Figure 5H,I and
Figure S19). These data indicate that L&M-D-MR can
accurately distinguish cirrhotic patients from healthy people
and hepatitis B patients by serum testing. On the other hand,
LAP-MR cannot differentiate cirrhotic patients from hepatitis
B patients, and MAO-MR is challenged by a high background
signal. Though LAP-MR alone may distinguish hepatitis B
patients from healthy patients, this single-activated probe
exhibits notably less contrast that may result in a false-positive
diagnosis. As a certain level of LAP can be found in the serum
of healthy people (77.80 ± 57.39 U/L, Figure S18), it can
trigger the activation of LAP-MR but not the AND-logic gated
probe. As shown in Figure 5H and Figure S19, the single-
activated probe exhibits a notably higher background signal
(LAP-MR, 248.50) than the AND-gated probe (L&M-D-MR,
92.58). Taken together, we attributed the diagnostic accuracy
of L&M-D-MR to its AND logic release pattern, and it holds a
promising future in hepatopathy diagnosis in the clinic.
In conclusion, we have introduced a novel modular design of

an AND molecular logic trigger responsive to two disease-
associated stimuli simultaneously. Building upon this discov-
ery, a novel AND logic controlled release system was
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developed with enhanced selectivity and was successfully
applied to hepatopathy differentiation in patients. This system
can be readily extended to covalently tether other triggering
moieties to drug molecules, proteins, and nucleic acids,
affording accurate diagnosis and therapy.
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