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Detecting cell viability is crucial in research involving the precancerous discovery of abnormal cells, the
evaluation of treatments, and drug toxicity testing. Although conventional methods afford cumulative
results regarding cell viability based on a great number of cells, they do not permit investigating cell
viability at the single-cell level. In response, we rationally designed and synthesized a fluorescent probe,
PCV-1, to visualize cell viability under the super-resolution technology of structured illumination
microscopy. Given its sensitivity to mitochondrial membrane potential and affinity to DNA, PCV-1's ability
to stain mitochondria and nucleoli was observed in live and dead cells, respectively. During cell injury
induced by drug treatment, PCV-1's migration from mitochondria to the nucleolus was dynamically
visualized at the single-cell level. By extension, harnessing PCV-1's excellent photostability and signal-to-
noise ratio and by comparing the fluorescence intensity of the two organelles, mitochondria and
nucleoli, we developed a powerful analytical assay named organelle ratiometric probing (ORP) that we
applied to quantitatively analyze and efficiently assess the viability of individual cells, thereby enabling
deeper insights into the potential mechanisms of cell death. In ORP analysis with PCV-1, we identified
0.3 as the cutoff point for assessing whether adding a given drug will cause apparent cytotoxicity, which
greatly expands the probe's applicability. To the best of our knowledge, PCV-1 is the first probe to allow
visualizing cell death and cell injury under super-resolution imaging, and our proposed analytical assay
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Introduction

Cells, as the essential unit of organisms, have been broadly
studied in relation to biological processes, medical treatments,
and nerve conduction. Processes that alter cell viability,
including apoptosis, autophagy, and necrosis, are fundamental
to eliminating damaged cells and maintaining homeostasis.**
In particular, modulating the specific cellular response of dys-
regulated cell death, as is prevalent in diseases such as cancer,
autoimmune disease, and neurodegeneration,>* has shown
success as a therapeutic strategy. Therefore, detecting cell
viability is crucial in the discovery of precancerous cells, the
evaluation of treatments, and drug toxicity testing.**

Whereas earlier methods applied to detect cell viability
include cellular morphology studies, flow cytometric analysis,
and DNA degradation,*” in the past few decades colorimetric
assays have been broadly used to monitor cell viability. Among
such materials, the well-known yellow 3-(4,5-dimethylthiazol-2-
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using it paves the way for quantifying cell viability at the single-cell level.

yl)-2,5-diphenyltetrazolium bromide (MTT) is absorbed by live
cells and reduced by mitochondrial reductase into purple for-
mazan, which can be quantified by measuring its absorbance
using a microplate reader (Fig. 1a).® However, because this
method can involve factors that may hinder mitochondrial
reductase (e.g., amount of cells and incubation time), definite
information about cell viability is difficult to obtain.” Moreover,
owing to its high susceptibility to metabolic interference, MTT-
based assay can easily provide false-positive results.* Such
assays also report the cumulative results of cell viability based
on a great number of cells and do not permit investigating cell
viability at the single-cell level. Consequently, next-generation
biological tools are urgently needed to monitor cell viability
on individual cells and thereby enable the rapid screening of
drug treatment, minimize experimental error due to external
interference, and reduce medical costs.

While fluorescence microscopy allows the in situ, real-time
observation of subcellular organelles and biological processes,
fluorescence imaging, as a non-invasive technique that causes
relatively little damage, readily accommodates the study of cell
viability. Therefore, several fluorescent probes have been
developed to distinguish live from dead cells based on various
tracking mechanisms and are thus versatile tools for biological
research and applications in medicine.? As one such fluorescent

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration for assessing cell viability. (a) Measurement of cell viability via the conventional MTT assay. (b) Evaluation of cell
viability via previously reported probes. (c) The design strategy of PCV-1 and a schematic illustration for quantifying cell viability at the single-cell

level.

dye, 4',6-diamidino-2-phenylindole (DAPI) is widely used to
visualize nuclei in dead cells due to its weak ability to penetrate
intact plasma membranes in live cells.

In past research, mitochondrial membrane potential
(A% ,), as a vital feature representing mitochondrial func-
tion, has been used as an indicator to discriminate the states
of cells.'®" A decrease in mitochondrial membrane potential
signifies a disturbance in mitochondrial homeostasis that
can lead to cell dysfunction or even death. Tian et al., for
instance, reported a dual-color fluorescent probe that
migrated from mitochondria to the nucleus when the mito-
chondrial membrane potential decreased during apoptosis;
in that way, cell viability could be monitored by identifying
the localization and fluorescent intensity of the probe
(Fig. 1b).** However, the dual-color probe demonstrated
several limitations, including the need for a multichannel
fluorescence microscope, the potential overlap and interfer-
ence of different emissions, and the incomparability of fluo-
rescence images from various channels. Meanwhile, Li et al.
have developed a red fluorescent probe that can reflect
different situations of mitochondrial membrane potential
(i.e., normal, decreasing, and vanishing) according to various
fluorescence morphologies of the nucleus and mitochondria
and thereby indicate the cell's state."> However, the probe's
main limitation is that cell viability cannot be quantitatively
assessed by analyzing images owing to the high degree of
fluorescence interference between the two organelles and the
poor image quality available with conventional confocal
microscopy. Thus, clearly observing the interaction of
organelles and efficiently quantifying cell viability using
fluorescence microscopy remains challenging, especially at
the single-cell level.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Recently, super-resolution imaging, as a cutting-edge tech-
nology able to overcome the Abbe's diffraction limit (<200 nm)
of conventional confocal microscopy has been greatly applied to
observe subcellular organelles and biological interactions.™* "
Therefore, fluorescence microscopy with super-resolution
imaging might be ideal for synchronously visualizing the
dynamics of organelles and consequently quantifying cell
viability.”® In view of the size of eukaryotic organelles, including
lysosomes (i.e., 100-1200 nm), mitochondria (i.e., 500-5000
nm), and nuclei (i.e., approx. 10 pm),** structured illumination
microscopy (SIM) may be a promising alternative, especially
given its super spatial resolution (i.e., approx. 100 nm), short
acquisition time, and only slight photodamage.***

Against this backdrop, we rationally designed and synthe-
sized a fluorescent probe PCV-1 to visualize cell viability under
SIM. As shown in Fig. 1c, PCV-1 consists of a donor-m-acceptor
structure, in which the positively charged m-conjugated system
endows PCV-1 with the ability to target mitochondria given the
highly negative mitochondrial membrane potential in healthy
cells.***” The cationic methylquinolinium moiety gives PCV-1
a high affinity to DNA due to their electrostatic interaction.*?*®
PCV-1 exhibited extended m-conjugation but decreased m-m
stacking compared to the cell viability probe previously re-
ported, based on its molecular design.'> Moreover, owing to its
alkene bridge, PCV-1 can readily respond to viscosity.*>*' In an
environment of high viscosity, PCV-1's molecular rotation is
likely restricted, thereby rendering a more planar configuration
that reduces its non-radiative decay and hence increases the
emission intensity. By performing the fluorescence imaging of
PCV-1-stained HeLa cells using SIM, we observed mitochondria
and nucleoli as distinct organelles in live and dead cells in
single-channel mode, respectively. Moreover, owing to the

Chem. Sci., 2023, 14, 10236-10248 | 10237
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excellent super-resolution imaging and viscosity-enhanced
emission, PCV-1 is able to provide more subcellular details
that cannot be achieved by conventional confocal microscopy.
Thus, during cell injury induced by drug treatment, PCV-1's
migration from mitochondria to the nucleolus was dynamically
visualized at the single-cell level. Beyond that, based on PCV-1's
translocation from mitochondria to the nucleolus following
damage and by comparing the two organelles’ fluorescence
intensity at the subcellular level, we developed a new analytical
assay, organelle ratiometric probing (ORP), that can be used to
quantitatively analyze and efficiently assess the viability of
individual cells. In the ORP analysis with PCV-1, we systemati-
cally investigated the relationship between the various fluores-
cence intensity ratios of organelles and their corresponding cell
viability values at different stages, as a result, identified 0.3 as
the cutoff point for assessing whether adding a drug will cause
apparent cytotoxicity. Furthermore, regardless of various routes
to cell death, including apoptosis, autophagy, and necrosis,
a ratio significantly higher than 0.3 for the ORP analysis with
PCV-1 indicated nearly dead cells. To our knowledge, PCV-1 is
the first probe to allow visualizing cell death and cell injury
under super-resolution imaging, and our proposed ORP assay
using PCV-1 enables the quantification of cell viability at the
single-cell level.

Results and discussion

Synthesis, photophysical properties, and computational
calculations of PCV-1

As shown in Fig. 2a, the synthesis of PCV-1 began with
commercially available 6-bromo-2-methylquinoline. The inter-
mediate 2-methyl-6-phenylquinoline was generated by a typical
Suzuki coupling reaction between 6-bromo-2-methylquinoline
and phenylboronic acid. Next, methylation at the nitrogen
position of 2-methyl-6-phenylquinoline using methyl iodide
resulted in 1,2-dimethyl-6-phenylquinolin-1-ium. Meanwhile, 1-
methylpiperazine reacting with p-fluorobenzaldehyde under an
alkaline conditions formed another intermediate 4-(4-
methylpiperazin-1-yl) benzaldehyde with a nearly quantitative
yield. Finally, the Knoevenagel condensation reaction between
1,2-dimethyl-6-phenylquinolin-1-ium and 4-(4-methylpiperazin-
1-yl) benzaldehyde in anhydrous ethanol generated our
designed product, PCV-1. Details of the synthesis procedure and
characterizations of 'H, ">C NMR, and MS for intermediates and
products are included in the ESI (Fig. S1-S5).T

With the designed probe PCV-1 in hand, we first investigated
its photophysical properties in aqueous solution. As shown in
Fig. 2b, PCV-1 exhibited a broad absorption spectrum with a tail
exceeding 570 nm due to its large m-m conjugation. The
maximum absorption of PCV-1 was located at 442 nm with
a high molar extinction coefficient of 28 060 M~ cm ™. Under
450 nm excitation, PCV-1 showed a strong red emission with
a maximum peak at 606 nm (¢ = 0.08%), which is favorable for
bioimaging applications. The Stokes shift of PCV-1 was beyond
160 nm due to its charge-enhanced intramolecular charge
transfer system and extended conjugation length.*> Moreover,
when PCV-1's emission spectra were investigated in different

10238 | Chem. Sci,, 2023, 14, 10236-10248
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pH buffer solutions, no apparent change in emission intensity
was observed in the pH range of 4.0-8.0, as shown in Fig. S6.1
Next, the potential influence of biochemical species on PCV-1's
emission intensity was investigated. As illustrated in Fig. S7,T
various sources of interference in the cytoplasm and microen-
vironment were added to the aqueous solution of PCV-1,
including the cations of Na¥, K*, Zn*", Fe*", Fe*', Mg>", Ag",
and Ni*', the anions of NO5;~, SO,>~, AcO~, HCO;~, HSO;
SCN, F,Cl, Br, and I, the biomolecules of GSH, Hcy, and
Cys, and the reactive substance H,0,. No evident change in
PCV-1's emission intensity was observed in the presence of any
aforementioned species.

To shed light on PCV-1's electronic transitions, density
functional theory (DFT) calculations were performed using the
Gaussian 16W program package (Tables S1 and S2t). As shown
in Fig. 2¢, PCV-1's highest occupied molecular orbital (HOMO)
was located in the electron-donating phenyl piperazine group.
With the introduction of the positive charge via methylation,
the central methylquinolinium unit showed greater electro-
negativity. As expected, PCV-1's lowest unoccupied molecular
orbital (LUMO) was centered on the electron-accepting meth-
ylquinolinium moiety. The calculated energies of HOMO and
LUMO were —5.47 eV and —2.95 eV, respectively, resulting in an
energy gap of 2.52 eV. Moreover, time-dependent DFT calcula-
tions indicated that PCV-1's lowest singlet excited state S; was
mainly HOMO to LUMO transition (see the electron density
difference map (EDDM) image in Fig. 2d) and located at 533 nm
(Fig. 2d), which generally matched the experimental absorption
spectrum (Fig. 2b).

Viscosity-enhanced optical properties of PCV-1

The viscosity of subcellular organelles is far higher than
cytosol's.*** Lysosomes in particular are known to contain an
internal environment with viscosity ranging from 50 to 90 cP.*®
The average viscosity of mitochondria, by comparison, is esti-
mated to be approximately 62 cP.*” Therefore, the large differ-
ence in viscosity between cell cytosol and organelles can
facilitate subcellular bioimaging that results in high brightness,
less photodamage, and a large signal-to-noise ratio.
Fluorescent probes designed with rotatable single bonds
have recently been developed to respond to the viscosity of
organelles.*®*® Because PCV-1 is composed of a donor-m-
acceptor structure, there are rotatable single bonds (highlighted
in purple color, Fig. 3a) present around the vinylene group that
connect the electron-donating and electron-accepting moieties.
To investigate PCV-1's optical properties in response to
viscosity, we collected PCV-1's absorption and emission spectra
in water upon the addition of glycerol. Because PCV-1's molec-
ular rotation is likely restricted in solutions of high viscosity,
PCV-1 forms a more planar configuration with better conjuga-
tion. As a result, PCV-1's absorption peak wavelength showed
a 32 nm redshift in glycerol solution compared with that in
water (Fig. 3b). Besides, the molar extinction coefficient of PCV-
1 in high-viscosity solution is 24 010 M~ ' cm ™" (Fig. S81). Next,
we measured PCV-1's emission spectra in solutions with
viscosities ranging from 0.9 to 945 cP. As shown in Fig. 3c, PCV-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Synthesis, photophysical properties, and computational calculations of PCV-1. (a) Synthetic scheme of the designed fluorescent probe
PCV-1. (i) Pd(PPhsz)4, K2COs3, BusNBr, toluene, EtOH, H,O, 100 °C; (i) CHsl, EtOH or CH3CN, 80 °C; (iii) K,CO3, DMF, 100 °C; (iv) EtOH, 80 °C. (b)
Absorption and emission spectra of PCV-1. (c) Calculated HOMO and LUMO of PCV-1. (d) Calculated absorption spectrum of PCV-1 and EDDM
of the 1st singlet excited state of PCV-1 (red and yellow color indicate decrease and increase in electron density, respectively).

1 initially exhibited relatively weak emission intensity in solu-
tions of low viscosity. However, as the viscosity increased, the
molecular rotation was restricted and the excited state energy
was primarily released through radiative decay.*® Therefore,
PCV-1 presented a significantly enhanced (i.e., 187-fold) emis-
sion intensity in glycerol and increased quantum yield (® = 1%)
in high-viscosity solution (n = 49 cP). By fitting via the Forster-
Hoffmann equation, as shown in the inset of Fig. 3¢,*>*' PCV-1's
emission intensity demonstrated an excellent linear relation-
ship (R> = 0.98) with viscosity. Meanwhile, its excited-state
lifetime was independent of concentration and absorption.**
As shown in Fig. 3d, PCV-1's excited-state lifetime in glycerol
was much longer than that in water, which further confirms the
different molecular rotation and m-conjugation of PCV-1 in
solutions of high and low viscosity.

© 2023 The Author(s). Published by the Royal Society of Chemistry

To examine whether PCV-1's strong emission could also be
attributed to the polarity of solvents, PCV-1's emission spectra
were collected in different solvents. As illustrated in Fig. S9a,t
PCV-1 showed significantly high emission intensity only in
glycerol. When it was dissolved in solvents of different polarities
with low viscosity, the observed emission intensity was nearly
negligible compared with that in glycerol (Fig. S9bt). Such an
infinitesimal polarity effect makes PCV-1 a highly viscosity-
sensitive probe in complex biological microenvironments.
Moreover, PCV-1's emission intensity remained unchanged
after 300 s of irradiation in both low- and high-viscosity solu-
tions (Fig. S107). This level of photostability is comparable to
that of the commercial coumarin 153 dye, confirming that PCV-
1 possesses exceptional photostability. Taken together, our
photophysical results strongly suggest that PCV-1 is a promising

Chem. Sci., 2023, 14, 10236-10248 | 10239
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Fig.3 Viscosity-enhanced optical properties of PCV-1. (a) Responsive mechanism of PCV-1 towards viscosity. (b) Absorption spectra of PCV-1in
water and glycerol. (c) Emission spectra of PCV-1in water upon the addition of glycerol (1ex = 450 nm). Inset: scatter plots and linear relationship
between log /lggs nm and log n for PCV-1. (d) Emission decay plots of PCV-1 in water and glycerol.

viscosity-responsive probe that is well-suited for imaging highly
viscous organelles, such as mitochondria.

Specific localization of PCV-1 in cells

Encouraged by PCV-1's outstanding photophysical properties,
we next explored its application in bioimaging. First, PCV-1's
toxicity was evaluated using the colorimetric cell viability assay
with a Cell Counting Kit-8 (CCK-8). The CCK-8 assay was per-
formed with the highly water-soluble tetrazolium salt WST-8,
which can be reduced by dehydrogenase in healthy cells and
generate yellow WST-8 formazan. Per those results, the higher
activity of dehydrogenase implies greater cell viability. The CCK-
8 assay results indicated that PCV-1 had no effect on cell
viability at various concentrations after 24 h treatments
(Fig. S117). Next, we performed the fluorescence imaging of
PCV-1 via SIM. As depicted in Fig. 4a, the SIM images of PCV-1-
stained HeLa cells showed filamentous fluorescence that might
indicate mitochondria. The same filamentous fluorescence
images were also observed in other cell lines, including fibro-
blast cells (i.e., HDFn) and breast cancer cells (i.e., MCF-7).
Given those observations, co-localization experiments of PCV-
1 were conducted with the commercial mitochondria dye

10240 | Chem. Sci, 2023, 14, 10236-10248

MitoTracker Deep Red (MTDR, Fig. 4b), and the lysosome dye
LysoTracker Deep Red (LTDR, Fig. S121). The fluorescence
images of PCV-1 showed a higher overlap with MTDR (Pearson's
correlation coefficient (PCC) = 0.91, Fig. S13at) than LTDR
(PCC = 0.34, Fig. S13b¥), which indicates that PCV-1 can be
used as a mitochondrion-targeting probe. To further gauge PCV-
1's ability to localize in mitochondria, we investigated its lip-
ophilicity by calculating the n-octanol-water partition coeffi-
cient value (i.e., log P). As shown in Fig. S14, the log P value of
PCV-1 was 0.7, thereby indicating that PCV-1 has high lip-
ophilicity. According to Horobin et al.'s theory, a cation with
a log Pvalue from 0 to 5 has a high probability of mitochondrial
localization.***** Thus, the co-localization images together with
the log P value demonstrate the mitochondrial localization of
PCV-1 in live cells.

Afterwards, when we investigated the fluorescence imaging
of PCV-1 after drug treatment, we found that PCV-1's fluores-
cence morphology in dead cells completely differed from that in
live cells. As shown in Fig. S15,T no filamentous fluorescence
was presented in the cytoplasm region of the dead cells. Instead,
PCV-1 was found to gather in the center of cells, where it
exhibited elliptical morphology and high fluorescence intensity.
Based on these results, we speculated that the new fluorescent

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Specific localization of PCV-1in cells. (a) SIM images of PCV-1-stained live HeLa, HDFn, and MCF-7 cells. (b) SIM images of live Hel a cells

co-stained with MTDR and PCV-1. (c) SIM images of live HeLa cells co-st

ained with Hoechst 33342 and PCV-1. (d) SIM images of fixed Hela cells

co-stained with DAPI and PCV-1. PCV-1 channel: Ex 561 nm, Em 570-640 nm; MTDR channel: Ex 640 nm, Em 660-735 nm; Hoechst 33342 and
DAPI channels: Ex 405 nm, Em 425-475 nm; scale bars: 5 um. (e) Schematic illustration for different targeting abilities of PCV-1 in live and dead
cells. (f) Fluorescence titration experiments of PCV-1 in buffer solution with increasing the concentration of calf thymus DNA (0500 pg mL™%),
Aex = 450 nm. (g) Plots of emission intensity enhancements at 600 nm versus concentration of calf thymus DNA. Inset: scatter plots and linear
relationship between emission intensity enhancements and DNA concentration. (h) Binding mode of PCV-1 to DNA via molecular docking

calculations.

region was located in the nucleus and PCV-1 escaped from
mitochondria to the nucleus during cell death. To test this
hypothesis, we subsequently co-stained it with the nuclei dyes
of live cells (i.e., Hoechst 33342) and dead cells (i.e., DAPI). As
shown in Fig. 4c, no evident overlap between the blue channel
of Hoechst 33342 and the red channel of PCV-1 was observed,
which confirmed that PCV-1 was only localized in mitochondria
in live cells. In sharp contrast, PCV-1 could also cross the
nuclear envelope and displayed strong red fluorescence in fixed
cells, which highly overlapped with the blue fluorescence from
DAPI, suggesting that PCV-1 can selectively stain the nuclei in
dead cells (Fig. 4d). Moreover, the strong red emission of PCV-1
was greatly concentrated in the central nuclear region with
spherical morphologies, which indicated that PCV-1 was
primarily distributed in the nucleolus.*® To gain further insight
into the PCV-1's migration from mitochondria to nucleolus, we
acquired in situ real-time fluorescence imaging of PCV-1 in
HeLa cells using high-resolution confocal microscopy. As
shown in Fig. S16,1 upon the addition of NaNj;, the escape of
PCV-1 from mitochondria to nucleolus was distinctly observed
at single-cell level in both fluorescence imaging and bright field
imaging. To sum up, we suspected that the different

© 2023 The Author(s). Published by the Royal Society of Chemistry

distributions of PCV-1 in live and dead cells were impacted by
the mitochondrial membrane potential. As depicted in Fig. 4e,
PCV-1 was abundantly enriched in mitochondria due to the
cationic quinolinium group in PCV-1 and the highly negative
mitochondrial membrane potential in healthy cells. However,
in dead cells no longer with mitochondrial membrane poten-
tial, PCV-1 targeted the nucleolus via electrostatic attraction and
possible intercalation.

To understand the mechanism by which PCV-1 targets the
nucleolus in dead cells, we performed a DNA titration experi-
ment using calf thymus DNA (ctDNA). As shown in Fig. S17,T as
the concentration of ctDNA in the PCV-1 buffer solution
increased, the absorption spectra of PCV-1 showed a clear
redshift indicating that PCV-1's m-conjugation has been
expanded. Meanwhile, the emission intensity of PCV-1 gradu-
ally enhanced with DNA binding, as illustrated in Fig. 4f. When
the concentration of ctDNA reached 500 pg mL™", a 225-fold
enhancement of PCV-1's emission intensity was observed
(Fig. 4g). In addition, PCV-1's enhanced emission intensity
demonstrated an exceptional linear relationship (R* = 0.99),
with the concentration of ctDNA in the range of 10-70 pg mL™".
Based on the properties of PCV-1 in response to viscosity
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described before, we thus surmise that the light-on behavior of
PCV-1 in the presence of DNA can also be due to the restriction
of molecular rotation. Therefore, we conducted molecular
docking studies between DNA and PCV-1 using the AutoDock
Vina software.”” The results of the docking simulation sug-
gested that PCV-1 was strongly bound to the minor grooves of
DNA (Fig. 4h). The calculated binding energy was
—10.5 kcal mol™', which is comparable to that of the
commercial Hoechst 33342 (—12.2 kcal mol ') and better than
that of a previously reported nuclei probe." Overall, the afore-
mentioned imaging, emission titration, and molecular docking
results collectively demonstrated that PCV-1 can differentiate
live and dead cells via the distinct fluorescence morphologies
and intensities of different organelles.

PCV-1's excellence in super-resolution imaging

To acquire better fluorescence images at the single-cell level as
a means to quantify cell viability, we explored PCV-1's imaging
properties in super-resolution imaging. We first compared the
fluorescence images of PCV-1 in HeLa cells captured by
conventional confocal microscopy and SIM. Confocal imaging
exhibited the high spatial overlap of fluorescence due to its low
resolution (Fig. 5a), while SIM imaging afforded superior
imaging quality, with clearly filamentous mitochondria fluo-
rescence and less background fluorescence (Fig. 5b). Benefiting
from the state-of-the-art SIM technology, PCV-1 can visualize
previously invisible subcellular details in biological systems.

As indicated, PCV-1 showed a large Stokes shift and viscosity-
enhanced fluorescence intensity (Fig. 2b and 3c), which can
effectively overcome the background noise created by excitation
light and increase the signal-to-noise ratio because of high
viscosity in mitochondria. Therefore, we chose the commercial
mitochondria dye MitoTracker Red (MTR) for comparison to
confirm these advantages. The SIM images of HeLa cells labeled
with MTR and PCV-1 were taken in the same condition. We
randomly picked two regions of background in MTR- and PCV-
1-stained SIM images and plotted their corresponding 3D
fluorescence intensity distribution maps, as illustrated in
Fig. 5c and d. The results elucidated that the background
fluorescence of PCV-1-stained SIM images was significantly
lower than that of MTR-stained SIM images. Beyond that, PCV-1
showed a higher average fluorescence intensity in mitochondria
than using MTR (Fig. S187). In view of these results, PCV-1 can
be expected to effectively improve the signal-to-noise ratio of
fluorescence imaging and thus facilitate the study of hyperfine
structures of cells.

Resistance to photobleaching is a vital ability of probes that
determines whether it can function for long-time fluorescence
tracking.**** According to the chemical structure and previous
fluorescence stability tests, PCV-1 seems to be endowed with
a high resistance to photobleaching. To confirm its stability for
imaging applications, we performed a photobleaching
comparison experiment between MTR and PCV-1 in HeLa cells
(Fig. 5e and h). Under 100% laser power mode with the same
settings, the fluorescence of MTR became rapidly bleached
(Fig. 5f), while PCV-1 exhibited high resistance to
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photobleaching (Fig. 5i). Specifically, as shown in Fig. 5g and j,
the photobleaching lifetime of PCV-1 was more than 144 s, or 4
times longer than that of MTR (i.e., 36 s). Furthermore, when
the live HeLa cells stained with MTR and PCV-1 were incubated
for 24 h for observation (Fig. S191), both types of cells exhibited
fluorescence in mitochondria at the beginning. On the
following day, however, the fluorescence of mitochondria
stained with MTR completely disappeared, whereas PCV-1 still
showed strong filamentous fluorescence in mitochondria.
Thus, we conclude that PCV-1 has superior photostability in live
cells.

With all of the outstanding imaging properties described
above, including exceptional super-resolution imaging, high
signal-to-noise ratio, and great resistance to photobleaching,
PCV-1 is expected to be an excellent biological tool for visual-
izing interactions between organelles at the single-cell level.

Quantifying cell viability using the ORP analysis with PCV-1

According to the above results, PCV-1 is located in the mito-
chondria of live cells but escapes to the nucleolus when cells
die. Thus, we speculated that there might be a state in which
PCV-1 targets both mitochondria and the nucleolus during cell
injury. To track the fluorescence morphologies of PCV-1 in the
process of cell injury, carbonyl cyanide m-chlorophenyl hydra-
zone (CCCP), a common inducer of mitophagy (i.e., one type of
autophagy), was used to damage mitochondria and reduce cell
viability. Previous studies have shown that the mitochondrial
membrane potential changes rapidly during the CCCP treat-
ment, which results in fluctuations in the fluorescence of
a probe.***® Thus, to accurately observe the fluorescence
imaging, we incubated CCCP-treated HeLa cells to allow the
cells to acclimate to the new microenvironment and thereby
make the drug work more efficiently.*** Next, CCCP-treated
HelLa cells stained by PCV-1 were imaged on SIM. As shown in
Fig. 6a, upon the addition of CCCP, the filamentous fluores-
cence of mitochondria broke and became spherical fluores-
cence in different sizes, thereby indicating that mitophagy had
occurred.*”® As the time of CCCP treatment was lengthened,
more damaged mitochondria were observed, meaning that the
degree of cell viability was decreased. As expected, PCV-1 was
located in the nucleolus in dead cells due to the disappearance
of mitochondrial membrane potential. PCV-1 escaped from
damaged mitochondria into the nucleolus during cell injury
and showed bright red fluorescence in both organelles, also as
expected. In particular, SIM images after 24 h treatment of
CCCP exhibited remarkably high fluorescence intensity in the
nucleolus but less spherical fluorescence in the cytoplasm,
which further confirms the exceptionally low cell viability under
that condition. Moreover, the corresponding distribution maps
of 3D fluorescence intensity under the CCCP treatment at
different times (Fig. 6b) allowed the dynamic observation of
PCV-1's mitochondria-to-nucleolus migration. The significantly
high fluorescence intensities of mitochondria in the control
sample gradually diminished during the process of cell injury,
while a new high-intensity fluorescent peak emerged in the
center of the nuclei. Furthermore, similar migration of PCV-1

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 PCV-1's excellence in super-resolution imaging. (a) Confocal image of Hela cells stained with PCV-1 and corresponding fluorescence
intensity distribution. (b) SIM image of Hela cells stained with PCV-1 and corresponding fluorescence intensity distribution. SIM images of HelLa
cells labeled with (c) MTR or (d) PCV-1 and corresponding 3D fluorescence intensity plots of rectangles of integration, constructed by ImageJ. (e
and f) Photobleaching property of MTR under continuous 561 nm laser irradiation at 100% power mode. (g) Normalized fluorescence intensity
changes of MTR on the white dotted line in (f). (h and i) Photobleaching property of PCV-1 under continuous 561 nm laser irradiation at 100%
power mode. (j) Normalized fluorescence intensity changes of PCV-1 on the white dotted line in (i). PCV-1 channel: Ex 561 nm, Em 570-640 nm;

MTR channel: Ex 561 nm, Em 570-640 nm.

from mitochondria to nucleolus has been observed when
employing other mitophagy inducers, such as oligomycin A**>*
and erastin,’° as shown in Fig. $20.1 Taking all those imaging
data together, we anticipate that PCV-1's migration ability can
be used as a marker of cell viability, as depicted in Fig. 6c.

As next-generation methods of quantitative cell biology, the
digitization of single cells and subcellular organelles has
attracted considerable attention in recent years. Nevertheless,
systems of quantitative analysis for measuring cell viability have
not been developed. Herein, we propose a new method of image
analysis, named organelle ratiometric probing (ORP), which is
defined by calculating fluorescence intensity ratios between
various morphologies at the subcellular level, including in

© 2023 The Author(s). Published by the Royal Society of Chemistry

mitochondria, lysosomes, and endoplasmic reticulum. Having
observed the migration of PCV-1 from mitochondria to the
nucleolus, we then used the ORP for quantifying cell viability.
Among the ORP's merits when using PCV-1, long spatial
distances between mitochondria and the nucleolus without
direct contact allow accurately quantifying the fluorescence
intensities of organelles at the single-cell level using super-
resolution imaging. Another merit is that single-channel
imaging can significantly reduce instrumental errors and
permit reasonable comparisons of the fluorescence intensity of
organelles in situ. Last, the PCV's high resistance to photo-
bleaching enables using ORP to observe fluorescence imaging

Chem. Sci., 2023, 14, 10236-10248 | 10243
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Inu/Imi in PCV-1-stained Hela cells after treatment with 20 uM CCCP at different time (0-24 h) (red column, data are given as M &+ SEM, n = 3);
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both at multiple times and in the long term without sacrificing
any sensitivity.

To digitize SIM images of CCCP-treated HeLa cells, PCV-1's
nucleolus-to-mitochondria fluorescence intensity ratios (i.e.,
ORP ratio) were calculated and displayed in Fig. 6d and S21.}
Moreover, to correlate those fluorescence ratios with cell
viability, the cell viability of CCCP-treated HeLa cells was also
investigated using the conventional CCK-8 assay, as shown in
the right blue columns of Fig. 6d. PCV-1 initially exhibited ORP
ratios close to 0 owing to the healthy cells with high mito-
chondrial membrane potential. As treatment with CCCP
continued, cell viability gradually decreased, which resulted in
an increase in the nucleolus-to-mitochondria fluorescence
intensity ratio. Furthermore, as shown in the results of HeLa
cells treated with CCCP for 12 h, a fluorescence intensity ratio of
0.3 represents a cell viability of 80%. According to the Interna-
tional Organization for Standardization, a percentage of cell
viability less than 80% is considered to indicate cytotoxicity.>
With that knowledge, we chose 0.3 as the cutoff point for our
ORP analysis with PCV-1 to assess whether adding a drug would
cause cytotoxicity. In addition, when plotting the fluorescence
intensity ratios of nucleolus-to-mitochondria against the dura-
tion of CCCP treatment (Fig. 6¢), the ORP analysis with PCV-1
demonstrated an exceptional linear relationship (R* = 0.96),

10244 | Chem. Sci, 2023, 14, 10236-10248

providing additional evidence that it is an excellent ratiometric
tool for evaluating cell viability. Next, the HeLa cells stained by
PCV-1 but without the treatment of CCCP were studied as well.
As shown in Fig. S22a,T no migration from mitochondria to the
nucleolus was observed, and PCV-1 exhibited stable, strong
filamentous fluorescence after 24 h of incubation. Moreover, as
shown in Fig. S11,T PCV-1 did not affect cell viability after 24 h
of incubation. Therefore, per the ORP analysis, the PCV-1
fluorescence ratios for the SIM images were consistently less
than 0.3, which further demonstrates that PCV-1 is non-
cytotoxic (Fig. S22b and S237).

Quantifying cell viability under different concentrations of
CCCP treatment

Next, to confirm that PCV-1 is indeed an excellent tool for
dynamically visualizing cell viability, we also investigated CCCP
concentration-dependent autophagy. As shown in Fig. 7a, as the
concentration of CCCP increased, the number of damaged
mitochondria increased as well, and more PCV-1 accumulated
in the nucleolus, thereby suggesting that autophagy occurred
more intensely under pathological conditions.*** However, if
the concentration of CCCP was too high, then the strong cyto-
toxicity would destroy the cells, such that PCV-1 displayed only
a significantly high fluorescence peak in the nucleolus (Fig. 7b).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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concentration (R% = 0.87).

These results imply that PCV-1 can vividly display the states of
cells at different stages in the process of cell injury. Interpreting
those SIM images using the ORP analysis with PCV-1 (Fig. S247)
revealed nucleolus-to-mitochondria intensity ratios indicating
a growing trend with the increase of the CCCP concentration, as
illustrated in Fig. 7c. For the range of each fluorescence ratio,
there was a corresponding range of cell viability to match. Thus,
when cell viability was less than 80% in the experiment with the
treatment of 10 uM CCCP, PCV-1's fluorescence ratio exceeded
0.3, which further confirmed that our assumed cutoff point of
0.3 was appropriate. Additionally, the fluorescence intensity
ratios measured by the ORP analysis with PCV-1 also exhibited
a decent linear correlation as the concentration of CCCP treat-
ment increased (Fig. 7d). In sum, in super-resolution imaging,
PCV-1 together with the ORP analysis allowed visualizing cell
injury and quantifying cell viability at the single-cell level.

Visualizing cell viability in various routes toward cell death
using the ORP analysis

To explore the applications of the ORP analysis in different
routes toward cell death, we investigated the SIM images of

© 2023 The Author(s). Published by the Royal Society of Chemistry

PCV-1-stained HeLa cells after various drug treatments. One
route was hydrogen peroxide (H,0,), a reactive oxygen species
that can efficiently inhibit metabolism and cause cell damage
by inducing either apoptosis or necrosis depending on the
dose.*®* Another route was sodium azide (NaNj3), a highly toxic
salt that acts as a potent inhibitor of mitochondrial respiration
by hindering the function of cytochrome oxidase and induces
cell death.®*** The last one was chloroquine, an inhibitor of the
autophagy-lysosome pathway that has been tested extensively
in preclinical cancer models and used as an antimalarial
drug.®*** In all, H,0,, NaNj;, and chloroquine were applied to
treat HeLa cells to induce cell death.

As shown in Fig. 8a, the control group without drug treat-
ment presented clearly filamentous fluorescence of PCV-1 in
mitochondria. As the high concentration of H,0O, treatment
induced cell necrosis, PCV-1 quickly lit up the nucleolus,
whereas the high fluorescence in the cytoplasm reduced rapidly
due to the low cell viability under this condition (Fig. 8b).
Meanwhile, the NaN;-treated HeLa cells demonstrated spher-
ical fluorescence in both the cytoplasm and nucleolus, thereby
suggesting that cell death via apoptosis can be visualized by

Chem. Sci., 2023, 14, 10236-10248 | 10245
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Fig. 8 Visualizing cell viability in various routes toward cell death using the ORP analysis. (a) SIM images of Hela cells stained with PCV-1. SIM
images of Hela cells stained with PCV-1 after treatment of (b) 50 mM H,O, for 30 min, (c) 0.5% NaNsz for 20 min, (d) 50 uM chloroquine for
30 min. Scale bars: 5 um. (e) ORP ratios of Iyu//mi in PCV-1-stained Hela cells after treatment with different drugs. Data are given as M + SEM, n =

3.

PCV-1 (Fig. 8c). PCV-1 also allows monitoring the low viability of
chloroquine-treated cells, as reflected in intense fluorescence in
the center of nuclei (Fig. 8d). To probe cell viability after drug
treatments in greater depth, we additionally checked those SIM
images in the ORP analysis. All HeLa cells treated with drugs
exhibited fluorescence intensity ratios of the nucleolus to the
mitochondria exceeding 1.5, as shown in Fig. 8e. With such
high fluorescence intensity ratios, we can confidently propose
that H,0,, NaNj;, and chloroquine are highly cytotoxic,
a condition that extremely reduces cell viability.

Last, we explored SIM images of PCV-1 in other cell lines
during CCCP-induced mitophagy. As shown in Fig. S25, PCV-1
migrated from mitochondria to the nucleolus in both HDFn
and MCF-7 cells, thereby indicating that it can be adapted to
other cell lines to visualize cell viability. In that light, PCV-1 can
serve as a versatile tool for rapidly quantifying cell viability in
different cells and various pathways toward cell death,
including apoptosis, autophagy, and necrosis.

Conclusions

In this study, we rationally designed and synthesized a fluores-
cent probe, PCV-1, to visualize cell viability under SIM. Because
of PCV-1's outstanding photophysical properties and excellent
super-resolution imaging performance, its migration from
mitochondria to the nucleolus could be dynamically visualized
at the single-cell level during cell injury. By extension, har-
nessing PCV-1's excellent photostability and signal-to-noise
ratio and by comparing the fluorescence intensity of the two
organelles, mitochondria and nucleoli, we developed a powerful
analytical assay, ORP, that we applied to quantitatively analyze
and efficiently assess the viability of individual cells, thereby
enabling deeper insights into the potential mechanisms of cell

10246 | Chem. Sci, 2023, 14, 10236-10248

death. In our ORP analysis with PCV-1, we identified 0.3 as the
cutoff point for assessing whether adding the drug will cause
apparent cytotoxicity, which greatly expands the probe's appli-
cability. In the future, combined with machine learning and big
data analysis, our proposed ORP analysis with PCV-1 stands to
significantly improve the diagnosis of disease, facilitate the
development of drugs, and reduce medical costs.
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