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ABSTRACT: Cancer incidence and mortality are fast growing
worldwide. Recently, multiplexing imaging methods have been
reported to be vital for cancer diagnosis and therapy. Fluorescence
imaging, which has intrinsic capabilities for multiplexing imaging, is
suitable and ripe for cancer imaging. In biomedical research, using
a single probe for multiplexing imaging can avoid larger invasive
effects and ensure the same spatiotemporal distributions and
metabolisms of the probes, which has advantages over using
multiple probes. Therefore, developing unimolecular fluorescent
probes for multiplexing imaging of living cancer cells is meaningful.
We herein report a unimolecular fluorescent probe (ZED) that
simultaneously detects cysteine/homocysteine, hypochlorous acid,
mitochondrial membrane potential (Ay,,), and opening of the mitochondrial permeability transition (MPT) pore in cells. These
four analytes are key indicators predominantly associated with multiple aspects of carcinogenesis and cancer therapy in living cells.
Besides, ZED also differentiates MCF-7 cells from HBL-100 cells. The sensing process is fast, selective, and sensitive in living cancer
cells. As far as we know, ZED is the first probe that simultaneously detects four analytes in cells and the first probe that
simultaneously detects Ay, and opening of the MPT pore in mitochondria.
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cysteine/homc

ancer is the first or second leading cause of death in

many countries according to estimates from the World
Health Organization (WHO) in 2015, and tens of millions of
people die of different cancers every year.' As an evolving
technology, optical imaging has been frequently used in
biomedical research for decades and suitable for cancer
imaging due to its high temporal and spatial resolutions.”
Fluorescence imaging using “contrast agents”, which provides
real-time analysis in cells, is one of the most popular and
powerful optical imaging modalities.” To date, fluorescence
imaging is also the most powerful and indispensable intra-
operative guidance for cancer surgery.”

Recently, multiplexing imaging methods have been proposed
to be important for cancer diagnosis and therapy.” Multi-
plexing imaging is a new term in cancer imaging. It allows
scientists to simultaneously obtain multifunctional information
in the imaged systems, which improves the accuracy of cancer
diagnosis and enables real-time tracking on the therapeutic
efficacy.” In addition to the advantages in cancer imaging,
fluorescence imaging also has intrinsic capabilities for multi-
plexing imaging." As known to all, fluorophores produce
signals with two parameters, the wavelength and signal
intensity. This unique characteristic allows multiple fluorescent
contrast agents, which have different excitation and emission
wavelengths, to be resolved simultaneously. Since accurate
cancer diagnosis and therapy remain challenging in biomedical
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research, it is meaningful to develop fluorescent probes for
multiplexing imaging of cancer cells.

Mitochondrion is an organelle well-studied over the past
decades. Mitochondrial membrane potential (Ay,,) guarantees
normal mitochondrial function, and mitochondrial dysfunction
can cause many diseases.” In human malignant cells, the Ay,
is higher than that in normal cells, which is a well-known
characteristic of cancer cells." Recently, mitochondrion is
recommended as the vital target of reactive oxygen species
(ROS), while mitochondrial dysfunction caused by ROS is
developed as a rational cancer therapy.''™'® For example,
hypochlorous acid (HOCI), one of the ROS,'* can selectively
induce apoptosis in cancer cells, which is an important
apoptosis-inducing pathway for cancer therapy.''® Mean-
while, HOCI is also implicated in the DNA-damaged process
that contributes to the carcinogenesis.17 In addition, the levels
of cysteine (Cys) and homocysteine (Hcy) are also associated
with multiple aspects of carcinogenesis and cancer therapy in
cells."®™>* Within this context, there is no doubt that the
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Scheme 1. Structure of ZED and Its Stimulus-Response Performances
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design and development of fluorescent probes, which can
simultaneously sense Cys/Hcy, HOCl and mitochondrial
status in cells, is meaningful for cancer diagnosis and therapy.
To date, many fluorescent probes aimed at Cys/Hcy, HOCI
and mitochondrial status have been reported.”*™*® However,
none of them can simultaneously sense these analytes in cells.
Futhermore, in terms of mitochondrial status, only one
fluorescence imaging method for detecting opening of the
mitochondrial permeability transition (MPT) pore has been
reported.”” This quenching method involving a fluorescent dye
(calcein AM) and a quenching agent (Co*) is complex to be
operated. Hence, exploiting an easy way involving only one
fluorescent contrast agent to sense opening of the MPT pore
still remains challenging. Besides, no fluorescent probe that can
simultaneously detect Ay, and opening of the MPT pore has
been reported so far. Considering the important roles of Ay,
and opening of the MPT pore in cancer therapy,”® * the
development of fluorescent probes for the simultaneous
detection of Ay, and opening of the MPT pore in
mitochondria is also meaningful.

We herein report a probe (ZED) to simultaneously detect
Cys/Hcy, HOCI, Ay, and opening of the MPT pore with
little cross-talk in living cells. To the best of our knowledge,
ZED is the first probe that simultaneously detects four analytes
in cells and the first probe that simultaneously detects Ay,
and opening of the MPT pore in mitochondria. Structure of
ZED and its stimulus-response performances are illustrated in
Scheme 1. The construction of the probe is NBD-Coumarin-
Imidazolium salt-Rhodamine in short. ZED’s derivate without
NBD part is called ZED-1, without either NBD or rhodamine
part is called ZED-2. The NBD, coumarin and rhodamine are
three parts for sensing Cys/Hcy, mitochondrial status and
HOC], respectively. The imidazolium salt is a cationic linker
among fluorophores, which assists ZED to target mitochondria
as well. It is also a probable mitochondria-immobilized group
as imidazole and imidazolium salt can react with disulfide at 2-
position,*”** and disulfide bonds are formed in the

intermembrane space of mitochondria.”> Using imidazolium
salt as a multifunctional linker among fluorophores simplifies
molecular structure, shortens synthesis route, reduces molec-
ular weight and improves water solubility, which provides an
easy way to synthesize multifunctional probes. Since other
probes can be generated from ZED by simply changing one or
several of the three sensing parts, the skeletal structure of ZED
is also valuable.

In biomedical research, it is important to develop
unimolecular probes for multiplexing imaging, because using
a single probe may overcome some drawbacks of using
multiple probes, such as (1) time-consuming, (2) complex to
be operated, (3) potential cross-talk between different probes,
(4) larger invasive effects, and (5) different spatiotemporal
distributions and metabolisms of the probes.”* Although these
drawbacks may be tackled by encapsulating multiple probes
into a microbead, yet a carefully formulated ratio of the probes
is needed for accurate sensing, which makes it not easy to
synthesize and reproduce the microbeads.”* Besides, it is also
challenging to develop unimolecular probes for multiplexing
imaging, because the signals should have as little cross-talk as
possible and be distinguishable from each other, which is
difficult to be fulfilled in a single probe containing multiple
fluorophores. Only a few reports about duplex imaging with
cross-talk free signals have been reported.**™° In addition, the
design, synthesis and application of unimolecular probes for
multiplexing imaging can also help scientists to understand the
interactions between different fluorophores from a single
molecule in solutions and biological environments, which can
allow scientists to come up with more ideas about constructing
these intricate probes and eventually promote the development
of new multifunctional probes. In a word, no matter from the
perspective of practical applications or that of scientific
developments, it is of significance to develop unimolecular
probes for multiplexing imaging.
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B EXPERIMENTAL SECTION

Materials and Methods. All solvents were reagent grade.
Unless otherwise noted, all reagents were purchased from
commercial suppliers and used without further purification.
Some of the ROS were generated in situ according to the
literature.”” Twice-distilled water was used in all experiments.
"H NMR and "*C NMR spectra were recorded using a Bruker
spectrometer (400 and 100 MHz, respectively). UV/vis spectra
were recorded on a U-4100 spectrophotometer. The
fluorescence spectra were recorded on an Edinburgh
spectrofluorimeter equipped with both continuous (450 W)
and pulsed xenon lamps. Liquid Chromatogram-High Reso-
lution Mass Spectra (LC-HRMS) were recorded using a
Bruker spectrometer. Confocal images were performed on a
confocal laser scanning microscope (Nikon, Japan). TLC
analysis was conducted on silica gel plates and flash column
chromatography was carried out on silica gel (mesh 200—300).

Absorbance and Fluorescence Measurements. The
stock solutions of S mM ZED or ZED-1 were freshly prepared
in dry DMSO and stored at —20 °C before use. The stock
solutions were directly diluted with 1000 times water. Unless
otherwise noted, all absorbance and fluorescence measure-
ments were carried out at room temperature in 50 mM PBS
buffers (pH 7.4 or pH 8.0, 0.1% DMSO). After mixing with
analytes and then standing for suitable time at room
temperature, the reaction solutions were transferred into a 1
cm quartz cell to measure the absorbance or fluorescence. The
time-dependent fluorescence experiments were carried out in
situ in a 1 cm quartz cell.

Cell Culture and Confocal Imaging. Cells were cultured
in glass-bottom dishes in DMEM supplemented with 10% (v/
v) FBS at 37 °C under a humidified atmosphere containing 5%
CO,. All parallel tests were from the same inoculation density
and the same growth time. Cells in the logarithmic phase were
used throughout all experiments. Cells were treated with 5 uM
ZED in PBS buffers (10 mM, pH 7.4, 0.1% DMSO), HOCl in
PBS buffers (10 mM, pH 7.4), and other commercial reagents
in serum-free DMEM for indicated time before imaging.
Confocal images were carried out in situ in glass-bottom
culture dishes with PBS buffers (10 mM, pH 7.4) or a colorless
DMEM medium and recorded with a confocal laser scanning
microscope (Nikon, Japan).

Determination of the Detection Limits. The detection
limits were determined from the fluorescence experiments.
The detection limits were calculated with the following
equation: Detection limit = 30/k, where o is the standard
deviation of the blank measurements and k is the slope of the
fluorescence intensities over the concentrations of the analytes.

B RESULTS AND DISCUSSION

As a starting point, the stimulus-response performances of
ZED are expounded briefly according to Scheme 1. After
reacting with glutathione (GSH) or Cys/Hcy, ZED turned
into ZED-1 (Figure S1) generating a blue fluorescence Fjqq
from the released 7-hydroxycoumarin. Different from GSH,
Cys/Hcy further generated a green fluorescence F,gg from
NBD-NHR during the reactions. Fyg had great selectivity to
Cys/Hcy over other biological relevant analytes in cuvettes
(Figure S2). Although Cys/Hcy and GSH consumes ZED
competitively, the green fluorescence can still be partly turned
on in the presence of excess amounts of GSH through a

reversible SyAr substitution,”" showing that NBD is capable of

detecting Cys/Hcy in cells. To date, there are many reports
about sensing Cys/Hcy in cells using the NBD moiety, > >°
and the sensing mechanisms have been well discussed in
literature.””>" Apart for the response toward thiols, ZED and
its derivate, ZED-1, also reacted with HOCI generating a red
fluorescence Fg,; from Rhodamine B (Figure S3). F,; also had
great selectivity to HOCI over other biological relevant
analytes in cuvettes (Figure S4). Similar reports and the
senssif)lgmmechanisms have been well discussed in literature
too.

As the reaction of ZED and GSH went on, F,y reached
almost the largest fluorescence intensity at 90 s (Figure SS),
and the intensity at 270 s was nearly equal to that of 7-
hydroxycoumarin in ZED-1 (Figure S6). This quick and
complete generation of F, indicated that ZED-1 would be
formed rapidly and totally in cells due to the high GSH
concentration in cytoplasm.®” As expected, Fy5 was turned on
brightly in MCF-7 cells after incubation with ZED for 10 min
(Figure 1a). The fluorescence intensity also remained almost

A..

Figure 1. Response of ZED to mitochondrial status in cells. (A)
Images of the cells. (a) MCF-7 cells incubated with S 4M ZED for 10
min. (b) MCF-7 cells incubated with S uM ZED for 10 min and then
treated with S0 uM CCCP for 20 s. (¢) MCF-7 cells incubated with 5
uM ZED for 10 min and then treated with 50 uM CCCP for 2 h. (d)
HBL-100 cells incubated with S M ZED for 10 min. Images were
recorded using excitation wavelength of 405 nm, and band-path
emission filter at 417—477 nm. (B) Relative pixel intensity of the
related images in (A). The results are presented as mean + standard
deviation (n = 3). Significant differences (**p < 0.01) are performed
by Student’s t-test. Scale bar: 10 ym.
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unchanged within 15 min (Figure S7), confirming the rapid
and total conversion of ZED to ZED-1 in cells. The short
incubation time also showed that ZED had good cell
permeability. Repeated tests were also carried out to confirm
the good cell permeability of ZED (Figure S8). According to
the CCK assays, the cell viability did not change much after
incubation with ZED (Figure S9), indicating ZED also had
good biocompatibility.

In general, cationic dyes are driven into mitochondria by the
plasma and mitochondrial membrane potentials,10 so we first
investigated whether F,y; was localized in mitochondria. Fs
was quenched in cells when the cells were costained with Mito-
Tracker Green (MTG, a mitochondria-immobilized tracker for
mitochondria;63 Figure S10a,d). Since the quenching effects
caused by fluorescence resonance energy transfer (FRET) can
be regarded as a proof of colocalization in mitochondria,**®®
we could deduce that F,;s was mainly localized in
mitochondria. The cells were then treated with 50 uM
carbonyl cyanide m—chloréoéphenylhydrazone (CCCP, an

uncoupling reagent of Ay,,"°) for 2 h, and the fluorescence

https://dx.doi.org/10.1021/acs.analchem.0c01046
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Figure 2. Fluorescent response of S uM ZED-1 to 4—15 M HOClI in PBS buffers (pH 8.0, SO mM, 0.1% DMSO). (A) Excitation at 543 nm. (B)

Excitation at 405 nm.
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Figure 3. Response of ZED to HOCI in MCF-7 cells. (A) Images of the cells. (a) Cells incubated with S yuM ZED for 10 min. (b, c) Cells
incubated with 5 M ZED for 10 min and then treated with 40 uM HOCI for 10 min. Images were recorded using excitation wavelength of 543
nm, and band-path emission filter at 553—618 nm. (B) Relative pixel intensity of the related images in (A). The results are presented as mean +
standard deviation (n = 3). The significant difference (***p < 0.001) is performed by Student’s t-test. (C) Relative pixel intensity of the cells in (c).

Scale bar: 10 ym.

quenching still existed (Figure S10g,j), indicating that F,os was
retained in mitochondria after mitochondrial depolarization.
Meanwhile, F,ys also had a great overlay with MTG after the
same CCCP treatment (Pearson’s correlation coefficient was
0.93; Figure S11), which confirmed that F,js was retained in
mitochondria after mitochondrial depolarization. Within this
context, we can see that ZED is mitochondria-immobilized,
which is the same as MTG.

We next tested whether the intensity of F,y5 was response to
mitochondrial status in living cells. As shown in Figure 1b, Fs
was faded distinctly when the cells were treated with 50 yM
CCCP for 20 s. This fast response indicated that F,s real-time
responded to Ay, in living cells. Since ZED was

11106

mitochondria-immobilized and F, changed with pH from
7.4 to 8.0 in cuvettes (Figure S12), this decrease in F,qs in cells
was probably mainly caused by the decrease in mitochondrial
pH (normally from 7.4 to 8.0) during loss of Ay,,.*” When
CCCP was removed to regain Ay, F,ys could also recover in
cells (Figure S13), confirming that F, real-time detected Ay,
through pH changes in cells although F,,5 could also be altered
by other biological analytes in cuvettes (Figure S14). However,
in contrast to the fading (Figure 1b), F,s was lightened when
the cells were further incubated with CCCP for 2 h to induce
opening of the MPT pore (Figure 1c).58770
cationic dyes are partly quenched by aggregation in
mitochondria,®” this enhancement in F,os was probably caused

Since many

https://dx.doi.org/10.1021/acs.analchem.0c01046
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Figure 4. Simultaneous response of ZED to mitochondrial status and HOCI in MCF-7 cells. (A) Images of the cells. (a—c) Cells incubated with S
#M ZED for 10 min. (d—f) Cells incubated with S M ZED for 10 min and then treated with 80 uM HOCI for S min. (g—i) Cells incubated with S
uM ZED for 10 min and then treated with 80 uM HOCI for 30 min. The cells without lightened F,os in (d, e, g, and h) were categorized as d,, ey,
g), and hy, respectively. The cells with lightened F,ys in (d, e, g, and h) were categorized as d,, e,, g, and h,, respectively. Blue and red channels
were recorded using excitation wavelengths of 405 and 543 nm, and band-path emission filters at 417—477 and 553—618 nm, respectively. (B)
Relative pixel intensity of the related cells in (A). The results are presented as mean + standard deviation (n = 3). Significant differences (N.S.: no
significant difference; **p < 0.01; ***p < 0.001) are performed by Student’s t-test. Scale bar: 20 ym.

by the MPT-mediated swelling of mitochondria in cells.”!
When cyclosporin A (an inhibitor of opening of the MPT
pore’”) was added during the CCCP treatment, this
enhancement was also inhibited (Figure S15), indicating F,qs
also detected opening of the MPT pore in cells. In addition,
the F,y5 in MCF-7 cells was brighter than that in HBL-100 cells
(Figure 1a,d), indicating that F,ys also differentiated MCF-7
cells from HBL-100 cells. In brief, this study of F,s shows that
ZED not only differentiates MCF-7 cells from HBL-100 cells
but also simultaneously detects Ay, and opening of the MPT
pore in mitochondria.

After carefully studying F,ys alone in cells, we then tried to
investigate Fs,; in cells. To start with, the response of ZED-1
toward HOCI was tested in cuvettes, given that ZED would
immediately transform into ZED-1 in cells. As shown in Figure
2A, Fs4; had a linear relationship with HOCl in 4—15 yM. The
red fluorescence was generated within seconds upon the
addition of HOCI (Figure S16). However, when the
concentration of HOCI was lower than 4 uM, ZED-1 had
slightly poor sensitivity to HOCI with a detection limit of 167
nM (Figure S17). A linear relationship with HOCI was also
obtained for ZED with a detection limit of 303 nM (Figure
S18). Next, we tested whether ZED responded to HOCI in
cells. As shown in Figure 3A, Fs4; was turned on brightly after
the cells were incubated with 40 yM HOCIL The even
distribution of F,; in different cells (Figure 3C) showed that
the mitochondrial uptakes of ZED in different cells were
uniform. Besides, Fg,; also had a good overlay with MTG
(Pearson’s correlation coefficient was 0.82; Figure S19),
indicating that the generated Rhodamine B was retained in
mitochondria to a large extent.

Next, the influence of HOCI on F,ys was investigated in
cuvettes. As mentioned before, the rhodamine part of ZED
broke away from the skeletal structure to form Rhodamine B
once reacting with HOCL The newly formed Rhodamine B
was then separated from 7-hydroxycoumarin, protecting Fs
from the fluorescence quenching caused by Fs,; in solutions.
Very interestingly, as shown in Figure 2B, F,ys increased
instead of decreasing during the generation of Fg;. A linear
relationship with HOCI in 4—15 uM was also achieved for
F,s. Unlike the distinct fluorescence increase in Fys, the
absorbance at 405 nm decreased a little after the HOCI
treatment (Figure $20), indicating that the concentration of 7-
hydroxycoumarin in the ground states did not change much
during the fluorescence enhancement. Obviously, the electron-
rich rhodamine part had photoinduced electron transfer (PET)
to 7-hydroxycoumarin, which mainly influenced the fluores-
cence intensity in the excited states. This HOCl-induced
increase in F,y5 was probably caused by the disappearance of
PET after the rhodamine part broke away from ZED-1.

HOCI has been reported to be capable of inducing loss of
Ay, and opening of the MPT pore in cells,”””* so we further
tested whether ZED simultaneously detected HOCI and
HOCl-induced mitochondrial dysfunction in cells. First of
all, we studied whether there was fluorescence quenching
between F,ys and Fs,; in mitochondria. Generally speaking, the
Rhodamine B generating Fs,; was separated from the 7-
hydroxycoumarin generating F,ys in mitochondria, so we could
employ an extra molecule, Mito-Tracker Red (MTR, a
mitochondria-immobilized tracker for mitochondria based on
rhodamine dyes’®), as a substitute for Fg,; to avoid the
influence of HOCI on either Fyy or mitochondrial status in
cells. As the incubation went on, MTR emitted similar red
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fluorescence to Fs4; at about 10 min, while F,,s was not faded
in cells (Figure S21), showing that the fluorescence quenching
between F,ys and Fs,; was very weak in mitochondria. Unlike
the fluorescence quenching between F,,; and MTG in
mitochondria, this weak FRET between F,y; and MTR was
probably mainly due to the poor spectral overlap between
them. The higher feeding concentration of MTG may also
contribute to the fluorescence quenching as FRET only
happens within 10 nm and molecules are closer in
mitochondria when the concentration is higher.

With this result in hand, we then investigated the influences
of HOCI on F,y and mitochondrial status in cells. In the
presence of 80 uM HOCI for 5 min, F,ys was lightened in some
cells, but was decreased in the others (Figure 4d). When the
cells were incubated with HOCI for as long as 30 min, F,y5 was
lightened in more cells, but was faded in most of the others
(Figure 4g). Considering the weak fluorescence quenching
between F,s and Fs,; in mitochondria, the faded F,y5 in Figure
4g indicated that loss of Ay, was induced by HOCI in cells.
Meanwhile, the lightened F,ys in Figure 4d,g showed that
opening of the MPT pore was also induced by HOCl in cells.
To the best of our knowledge, this is the first visualized proof
in literature that opening of the MPT pore and loss of Ay, can
be discriminatively induced by HOCl in different cells. Besides,
the decreased and faded F,ys in Figure 4d,g indicated that the
HOCl-induced increase in F,j; was so weak in cells that it
could not influence the ability of ZED to sense mitochondrial
status. Since ZED accumulated in mitochondria, while the
concentration of HOCI decreased a lot in the presence of
abundant reductants in cells, it was not strange that little
percentage of ZED reacted with HOCI in cells, leading to the
weak increase in Fy In contrast to F,y, there were not
significant differences among the intensities of Fgy; in cells
(Figure 4B), indicating that ZED accurately detected HOCI in
cells ignoring the impacts of mitochondrial status. This even
distribution of F,; also showed that the concentration of ZED
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was not altered much by mitochondrial status in cells,
confirming that ZED was mitochondria-immobilized. These
results suggest that ZED simultaneously detects HOCI and
HOCl-induced mitochondrial dysfunction in cells.

At last, we tested whether ZED simultaneously detected
Cys/Hcy, HOCl and mitochondrial status in cells. The
response of ZED to Cys/Hcy was first tested in cuvettes and
cells. Fy 4 was generated gradually in the presence of Cys/Hcy
(Figure S22), while a linear relationship in 0—100 yM was
observed (Figure S). The detection limits of Cys and Hcy were
333 nM and 352 nM, respectively. As shown in Figure 6d, Fs
and F,gg were turned on with a very poor overlay in cells
(Pearson’s correlation coefficient was lower than 0.3),
indicating that F,gq was not in mitochondria at all. This
distinct localization also showed that F,g could not be
influenced by mitochondrial status and these two signals were
independent from each other in cells. Besides, the fluorescence
intensity of F,g5 was much weaker than that of MTG in cells,
so Fygg could not have influenced the experiments involving
MTG. When the cells were 6pretreated with N-ethylmaleimide
(NEM, a thiol inhibitor’®), the green fluorescence was
weakened in cells (Figure $23), confirming that F,g was
generated by the reaction of NBD and Cys/Hcy. After the cells
were further treated with HOC], F 4 was retained in cells but
decreased (Figure 6B). The pictures showed that F,g was
mainly localized in spots, and became more dispersive during
the HOCI treatment, which was probably the reason why F,g
decreased. However, this retention of F,g after HOCI
treatment still suggested that ZED simultaneously detected
Cys/Hcy and HOCl in cells. In addition, even with the naked
eye, we saw that F,ys was lightened and F,; was turned on
after the HOCI treatment, indicating that mitochondrial status
was altered by HOCl in cells. In this case, together with all the
previous experiments, we conclude that ZED simultaneously
detects Cys/Hcy, HOCI and mitochondrial status in living
cells.
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Figure 6. Simultaneous response of ZED to Cys/Hcy, HOCI and
mitochondrial status in AS49 cells. (A) Images of the cells. (a—d)
Cells incubated with § uM ZED for 10 min. (e—h) Cells incubated
with § uM ZED for 10 min and then treated with 80 M HOCI for 30
min. Blue, green and red channels were recorded using excitation
wavelengths of 405, 488, and 543 nm, and band-path emission filters
at 417—477, 499—529, and 553—618 nm, respectively. (B) Relative
pixel intensity of the related images in (A). The results are presented
as mean + standard deviation (n = 3). Scale bar: 10 ym.

Bl CONCLUSIONS

In summary, we have successfully constructed a unimolecular
probe, ZED, which simultaneously detects Cys/Hcy, HOC],
Ay, and opening of the MPT pore in cells. Due to the good
cell permeability and biocompatibility of ZED, the sensing
process is fast, selective, and sensitive in living cancer cells.
Moreover, the four outputs have little cross-talk in cells, which
is not easy to be achieved even with different probes. ZED is
the first probe that simultaneously detects four analytes in cells
and the first probe that simultaneously detects Ay, and
opening of the MPT pore in mitochondria. Besides, ZED also
differentiates MCF-7 cells from HBL-100 cells. To construct
ZED, we first used imidazolium salt as a multifunctional linker
among fluorophores. This simple molecular design provides a
feasible strategy to construct multifunctional probes easily.
This “four-in-one” approach should stimulate the design and
development of new multifunctional probes.
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