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Dynamically Monitoring Cell Viability in a Dual-Color Mode:
Construction of an Aggregation/Monomer-Based Probe Capable of
Reversible Mitochondria-Nucleus Migration

Minggang Tian, Jie Sun, Baoli Dong, and Weiying Lin*

Abstract: Mitochondria and nucleus play crucial roles during cell
apoptosis process. In this work, a unique fluorescent probe capable
of reversible migration between mitochondria and nucleus, as well as
detection of cell viability in a dual-color mode is presented. The dual-
color probe targets mitochondria in healthy cells, to form aggregates
with deep-red emission. It migrates into nucleus and binds to DNA to
form monomers with green fluorescence during apoptosis.
Interestingly, the migration is reversible dependent on cell viability,
which enables the dynamic visualization of apoptosis process. With
the probe, mitochondria and nucleus can be visualized in dual colors
during apoptosis, and the cell viability could be monitored by the
emission color and localization of the probe.

Monitoring cell viability is a highly valuable task essential for the
fundamental researches in biology, pathology, and medicine.l'
For instance, detecting the cell viability is necessary to evaluate
the efficacy of drugs and the cytotoxicity of biological reagents,
including antibiotics, drugs, nanoparticles, and fluorophores.!3-l
Meanwhile, changing of cell viability such as apoptosis and
necrosis process under physiological conditions is indispensable
to maintain the homeostasis of cell population, and to defend
organisms in immune reactions.[”! Mitochondria and nucleus play
significant roles in the change of cellular status, especially in
apoptosis process.®! According to the recent reports, the
signalling process of apoptosis initiates from the changes in cell
nucleus, including DNA damages and oncogene activation. !
Meanwhile, the execution of cell apoptosis starts from
mitochondria.®'% Mitochondria contain harmful proteins, reactive
oxygen species, and some other toxic compounds, which are
maintained inside mitochondria by their double membranes in
healthy cells. During cell apoptosis, sudden change in the
membrane permeability would occur and these toxic compounds
could be released to the cytoplasm and trigger the apoptosis
process.

To in-depth explore the relationship among mitochondria,
nucleus, and cell viability, visualization of the two organelles and
simultaneous detection of cell viability are greatly helpful. Up to
now, scanning electron microscope, transmission electron
microscope, colorimetric analysis, optical microscope, and many
other tools have been widely used to study mitochondria, nucleus,
and cell viability."""'® Compared with these techniques,
fluorescence imaging methods assisted with proper fluorescent
probes have received considerable interest in recent years, owing
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to the unique advantages including capability of in situ and real-
time visualization in live cells, low damage to biosamples, and
permission of dynamically analyzing live samples.['®'] For
example, Kim et al. have designed and synthesized a
mitochondria immobilized fluorescent probe to investigate the
mitochondrial dynamics during mitophagy processes.!'® Teulade-
Fichou and co-workers have developed two-photon fluorescent
probes for the imaging of cell nucleus.l'” Eliseeva et al. have
presented a near infrared fluorescent probe for the discrimination
of dead cells.?"!
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Scheme 1. (a) The sensing mode of the mitochondria-nucleus migration probe
for detecting cell viability. (b) The design strategy of MNQI.

Recently, Kawamata’s group, Yu's group, and Tian’s group
have developed fluorescent probes which target mitochondria in
healthy cells and gradually migrate into nucleus/nucleolus during
apoptosis.?'-2 The fluorescence wavelengths of those probes
remain unchanged in mitochondria and nucleus. However, these
intensity-based probes have some limitations, such as the
interferences from inhomogeneous staining of probes and
fluctuation of excitation intensity.['s! To avoid these limitations, it
is essential to discriminatively visualize mitochondria and nucleus
in dual emission colors. Unfortunately, fluorescent probes
capable of visualization of mitochondria and nucleus in dual
emission channels, and simultaneously enabling the detection of
cell viability have not been reported yet, which is an extremely
challenging task.

In this work, we have designed and synthesized a fluorescent
probe MNQI based on aggregation/monomer mechanism, for the
visualization of the two organelles in dual channels, and the
detection of cell viability. In Scheme 1, MNQI was constructed
with a weak electronic donor and a cationic quinolinium group. It
was a hydrophobic cation in nature which could be enriched in
mitochondria with high negative MMP in healthy cells. Moreover,
due to its structural similarity to PICP?* and high concentration in
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mitochondria, MNQI forms aggregates with deep-red (DR)
emission in healthy cells.

The electronic structure of MNQI resembles Hoechst, with a
weak electronic donor and a positively charged group. This
similarity endows MNQI high affinity to DNA. Therefore, with the
decrease of MMP in unhealthy status, the probe could be
released from mitochondrial and migrate into nucleus to form
monomers in DNA with green fluorescence. The migration of
MNaQI between mitochondria and nucleus is dependent on MMP
and reversible. Consequently, cell viability could be evaluated by
the localization and intracellular emission color of MNQI.

The optical properties of the probe were initially investigated.
According to the molecular design, a prerequisite is that the probe
displays different emission wavelengths in the aggregation and
monomer states. Consequently, the absorption and fluorescence
spectra of MNQI in different organic solvents were acquired to
check the optical properties of its monomers. Simultaneously, the
emission spectra in buffer solutions and the solid state were also
obtained to explore the property of its aggregates. As shown in
Figure 1a and S1, MNQI displays strong absorbance in 350-500
nm and emission peaked around 570 nm in organic solvents. The
probe shows blue-shifted absorption and weak emission peaked
at 570 nm in buffer solutions, indicating that it forms H-aggregates
in aqueous conditions. Fortunately, MNQI exhibits strong
fluorescence peaked at 690 nm in solid state. Thus, MNQI shows
emission peaked at 570 nm and 690 nm in organic solvents and
solid states, respectively, demonstrating that the probe could give
dual emission colors in aggregation and monomer states.

To testify the mechanism of the red shift in aggregation state of
MNQI, its crystal has been prepared and analysed to investigate
the packing mode in solid state. In Figure 1b and 1c, the
molecules of MNQI are anti-parallelly stacked and form dimers in
the crystalline state, due to intermolecular electrostatic
interactions. The short intermolecular stacking distances of the
dimer are 3.364 A, 3.340 A, and 3.312 A, indicating strong
intermolecular interactions inside the dimer. Moreover, the short
stacking distances between dimers are 3.374 A and 3.390 A,
demonstrating that interactions also exist between the dimers.
Consequently, the red shift in solid state should be attributed to
the intermolecular -1 interactions induced by the short contact
between the molecules.

In order to target cell nucleus, the probe should exhibit high
affinity to DNA, since the majority of cellular DNA exists in the
nucleus. Therefore, the DNA titration experiments have been
performed with MNQI. In Figure S2, MNQI displays rather weak
fluorescence in buffer solution, owing to the formation of H-
aggregates. With the addition of DNA, the fluorescence gradually
enhanced to 6-fold, because of the formation of monomers when
binding to DNA. The binding coefficient (k) is calculated as 4.1 x
108 M, following the Scatchard equation (Figure S2), indicating
its high affinity to DNA that is slightly lower than Hoechst 33342
(2 x 107 M), a commercial probe for DNA.

To explore the binding mechanism of MNQI to DNA in
molecular level, molecular docking calculations based on the
crystal structure of MNQI and DNA have been performed using
AutoDock 4.2 softwarel?®l. In Figure 1a, MNQI bound to the minor
grooves of DNA, and the binding energy was calculated to be -
9.45 kcal/mol. The binding of Hoechst 33342 to DNA has been
also calculated for comparison. In Figure S3, Hoechst 33342 also
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bound to the minor grooves of DNA, and the binding energy was
calculated as -12.0 kcal/mol. These results indicate the desirable
affinity to DNA of MNQI, which is comparable to Hoechst 33342.
The planar structure and electronic structure of MNQI should be
responsible for its high affinity to DNA.

a) Optical properties of MNQI and its binding mode to DNA
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Figure 1. (a) The absorption and fluorescence spectra of 10 uM MNQI in ethanol,
DNA solutions, and solid states, and the binding mode to DNA. Aex = 488 nm.
The top view (b) and side view (c) of the crystal structure of MNQI.

In consideration of the strong affinity to DNA and positively
charged nature of MNQI, the probe ought to target nucleus and
mitochondria in cells. Before cell imaging applications, the
cytotoxicity of MNQI to live cells has been initially testified using
MTT assay. In Figure S4, treatment with 1-15 yM MNQI for 24 h
brings little toxicity to live cells, and cell viability is above 90 %.
Thus, the cytotoxicity of 4 yM MNQI could be ignored with the
incubation time in 1 h.

Live cells were stained with the probe and imaged in dual
channels to check the localization of the probe. In Figure S5a,
MNaQI distributed in cytoplasm of live cells and gave strong
fluorescent signals in the DR channel, while displayed weak
emission in the green channel. Meanwhile, the DR fluorescence
appeared as filament morphologies in cytoplasm, indicating the
staining of mitochondria in live cells. The in situ fluorescence
spectra have also been obtained using the spectral imaging
function of the confocal microscope. In Figure S6, intracellular
emission was peaked around 670 nm, resembling that of solid
MNQI, and proving the formation of aggregates like the solid state.

Furthermore, fixed HelLa cells have also been stained with
MNQI and imaged. In Figure S5a, MNQI stained the nucleus in
fixed cells and displayed strong fluorescence only in the green
channel. The in situ fluorescence spectra of MNQI in dead cells
have also been acquired, and in Figure S6 the emission was
peaked around 580 nm, similar with that in organic solvents and
DNA solutions. These results proved that MNQI stained nucleus
in fixed cells and presented in monomer state.

To accurately confirm the localization of MNQI in live and fixed
cells, co-localization experiments with MTDR and Hoechst 33342,
the commercialized probes for mitochondria and nucleus, have
been performed. In Figure 2, the fluorescent signals from MNQI
in live cells overlap well with that of MTDR, and the co-localization
coefficient is up to 0.90, indicating that MNQI actually stained
mitochondria in live cells. Moreover, the green emission from
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MNQI in dead cells shows large overlap to the blue signals from
Hoechst 33342, with the co-localization coefficient of 0.91,

demonstrating that MNQI selectively stained nucleus in fixed cells.

Therefore, MNQI can discriminate live and fixed cells through the
localization and emission color of intracellular fluorescent signals.

DIC MNQI Commercial Probe Merged Image

Live Cells

Figure 2. The images of live and fixed HeLa cells co-stained with 4 yM MNQI
and commercial probes (200 nM MTDR for live cells, 2 uM Hoechst 33342 for

fixed cells) for 60 min. MNQI in live cells: Aex =488 nm, Aem = 570-620 nm; MTDR:

Aex = 647 nm, Aem = 663-738 nm; MNQI in dead cells: Aex = 488 nm, Aem = 500-
550 nm; Hoechst 33342: Aex = 405 nm, Aem = 425-475 nm. Bar = 10 ym.

MNQI targets mitochondria and nucleus in live and fixed cells,
respectively. We speculate that the distribution of MNQI is
determined by the MMP levels. In live cells with high MMP, MNQI
mainly exists in mitochondria due to the electrophoresis effect. In
dead cells with almost no MMP, MNQI targets nucleus due to the
affinity to DNA. To prove the speculation, healthy HelLa cells were
prestained with MNQI, and then treated with CCCP, a regent that
can decrease MMP rapidly. In Figure 3a and Movie S1, MNQI
initially stained mitochondria with DR emission in healthy cells.
With the addition of CCCP and decrease of MMP levels, MNQI
was released from mitochondria and migrated to the nucleus with
green emission. Subsequently, MMP levels could actually
influence the targets of MNQI. CCCP was afterwards removed
and MMP levels could be recovered. In Figure 3b, after the
removal of CCCP, the green emission in nucleus gradually
disappeared, indicating that MNQI migrated back into
mitochondria. This procedure can be semi-quantified by the ratio
of green to DR signals shown in Figure 3c. These results indicate
that MNQI could reversibly detect the changes of MMP levels from
both the localization and the emission color. Considering that
MMP levels could directly reflect the cell viability, MNQI is
potential to report the cell viability reversibly.

Excessive amount of hydrogen peroxide could inhibit the
oxidation respiratory chain and induce cell damage.?! To verify
the ability of MNQI in visualization of cell viability, healthy cells
pre-incubated with MNQI were treated with hydrogen peroxide
(Figure S7 and Movie S2). In Figure S7a, healthy cells displayed
strong DR emission in mitochondria and almost no emission in
nucleus. After the addition of hydrogen peroxide, cell viability was
decreased, and green emission in the nucleus steadily enhanced,
indicating the migration of MNQI from mitochondria to nucleus.
This process could be also monitored by the signal ratio of green
channels to DR ones, as plotted in Figure S7c. These results
confirmed that MNQI could serve a valid tool for visualizing the
decline of cell viability through both the localization and emission
color.
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Figure 3. Fluorescence images of Hela cells pre-stained with 4 yM MNQI for
60 min, (a) treated with 20 yM CCCP for 0-7 min, and then (b) CCCP was
washed away and incubated with culture medium for another 1-12 min. (c) The
time-dependent intensity ratio of green channel to DR channel in (a) and (b). Aex
= 488 nm; green channel: Aem = 500-550 nm; DR channel: Aem = 663-738 nm.
Bar =10 uym.

L-Ascorbic acid (VC) is a significant antioxidant resistant to
damage by ROS. Consequently, we conceived that VC may
recover the status of cells pretreated with hydrogen peroxide for
a short period of time. In Figure S7b, after the treatment for 15
min, hydrogen peroxide was removed and VC was added.
Obviously, the green emission in nucleus faded off, indicating the
migration of MNQI back into the mitochondria and the recovery of
cell viability. The process could also be monitored (Figure S7c) by
means of the intensity ratio between the two emission channels.
Therefore, MNQI can detect the reversible change of cell viability.

Rotenone is a toxicant that has been used as a broad-spectrum
pesticide, which can efficiently induce cell apoptosis.?®! Recent
studies revealed that rotenone worked by interfering with the
electron transport chain in mitochondria, and caused the excess
production of ROS.?! To discover the potential application of
MNQI to discriminate apoptosis cells, live HelLa cells was
pretreated with rotenone for 24 h and then stained with the probe
(Figure 4a). Live cells in the control group untreated with rotenone
displayed intense DR emission in mitochondria and no
fluorescence in the nucleus. In comparison, cells treated with
rotenone displayed strong emission in green channel and
weakened fluorescence in DR channel, indicating cell apoptosis
and decreased viability. In Figure 7b, the ratio of green to DR
channel exhibited dramatic increase upon the treatment of
rotenone, also demonstrating the cell apoptosis.

Since rotenone induces cell apoptosis by promoting the
generation of elevated levels of ROS, VC may be able to relieve
the toxicity owing to its anti-oxidative characteristics.
Consequently, VC was added to cells pretreated with rotenone for
6 h, and then the cells were further cultured for another 18 h. In
Figure 5a, VC-treated cells display obviously weakened green
emission and enhanced DR fluorescence, compared with those
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solely incubated with rotenone. This could also be clearly
observed via the signal ratio of green to red channel (Figure 5b).
Accordingly, MNQI could detect the apoptosis process induced by
rotenone, via the change of localization and emission color. The
effect of VC to relieve rotenone toxicity could also be visualized.
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Flgure 4. (a) DIC and fluorescent images of HeLa cells stained with 4 yM MNQI
for 60 min after the incubation with different regents, and (b) the corresponding
intensity ratio of green channel to DR channel. Control group: HelLa cells were
treated with DMSO for 24 h; “Rot” group: Hela cells were incubated with 5 yM
rotenone for 24 h; “Rot+VC” group: HelLa cells were treated with 5 uM rotenone
for 6 h, then 100 uM VC was added, and the cells were incubated for another
18 h. Aex = 488 nm; green channel: Aem = 500-550 nm; DR channel: Aem = 663-
738 nm. Bar = 10 ym.

In conclusion, we have designed and synthesized an
aggregation/monomer-based fluorescent probe, MNQI, capable
of reversible migration between nucleus and mitochondria, and
visualization of dynamic changes in cell viability in a dual-color

mode. The cationic probe could stain mitochondria in healthy cells,

and form aggregates with DR-emissive properties. Along with the
decrease of cell viability, the novel probe could be released from
mitochondria and migrate into nucleus to emit green fluorescence
in monomer status. Meanwhile, with the recovery of the cell
viability, MNQI can reversibly move back to the mitochondria with
DR emission. Using this unique probe, the cell viability could be
dynamically and accurately visualized through the intracellular
localization and emission color. Particularly, the reversible
changes of cell viability have been successfully observed with the
probe. The cell apoptosis caused by toxic rotenone has been
detected using MNQI, and the inhibition effect of VC to rotenone
caused apoptosis was verified. We believe that MNQI can serve
as a powerful tool to investigate the internal relationship among
apoptosis, nucleus, and mitochondria, and promote the
fundamental researches in biology, pathology, and medicine.
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COMMUNICATION

Visualizing cell viability in dual-
color mode: A fluorescent probe
capable of reversible migration
between mitochondria and nucleus
dependent on cell viability and labelling
the two organelles in dual colors has
been developed. With the probe,
mitochondria and nucleus can be
visualized in dual emission channels,
and cell viability could be evaluated by
intracellular emission color and probe
localization.
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