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A near-infrared fluorescent probe reveals
decreased mitochondrial polarity during
mitophagy
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Mitophagy is a selective form of autophagy by which dysfunctional and damaged mitochondria are
degraded in autolysosomes. Since defective mitophagy is closely related to various pathological
processes, investigation on the detailed mitophagy process is of great importance. In this respect,
disclosing the alterations of mitochondrial microenvironments is expected to be a promising way.
However, an appropriate method for monitoring the fluctuations of mitochondrial polarity during
mitophagy is still lacking. Here, we report a near-infrared hydroxyl-hemicyanine fluorescent probe that
responds to polarity exclusively. Both the shift of emission maxima and the fluorescence intensity ratios
at two different wavelengths of the probe can be applied to quantifying the polarity accurately. With

R d1stN ber 2019 ratiometric fluorescence imaging, the polarity differences of normal and cancer cells are clearly
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Accepted 18th December 2019 discriminated. Most importantly, the mitochondrial polarity variations during starvation and drug-induced
mitophagy are determined for the first time. The observed decrease of mitochondrial polarity during
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Introduction

Mitochondria are essential organelles that regulate cellular
energy metabolism and cell death.* Starvation, hypoxia or other
stress stimulations may lead to mitochondrial oxidative damage
and dysfunction, which results in several pathological
processes, including aging, apoptosis, and cellular injury.” The
quality and quantity control of mitochondria through a process
called mitophagy is thus critical for maintaining proper cellular
functions.® Indeed, mitophagy has been proposed to play crit-
ical roles in terminal differentiation of red blood cells,* paternal
mitochondrial degradation,” neurodegenerative diseases,®
ischemia and drug-induced tissue injury.” Therefore, moni-
toring the detailed mitophagy process is of great importance.
Several methods have been developed for mitophagy-related
detection, including transmission electron microscopy, immu-
noblot for mitochondrial proteins, citrate synthase activity
assay, etc.® However, these classical approaches are time-
consuming, costly, and unable to provide real-time informa-
tion regarding mitophagy in living cells. A simple and cost-
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effective method for the precise and vivid visualization of
mitophagy dynamics is still urgently needed.

It is known that during mitophagy, mitochondria are first
encircled into double-membrane vesicles called autophago-
somes and then delivered into lysosomes to form autolyso-
somes for bulk degradation.'” Owing to the obvious differences
of the microenvironments [e.g., polarity (¢), pH and viscosity ()]
between mitochondria and autophagosomes, detecting the
microenvironment changes may be an efficient way for moni-
toring the mitophagy process. In this respect, small molecular
fluorescent probes have attracted much attention due to their
high sensitivity, good biocompatibility and incomparable
spatiotemporal resolution.’ Several small molecular fluorescent
probes have been designed for the detection of mitochondrial
pH and viscosity changes, revealing a decreased pH and an
increased viscosity during mitophagy.'® However, the polarity
changes in this process are still unclear. Considering the
massive formation of isolation membranes (autophagosomes,
etc.)," it may be reasonable to speculate that the mitochondrial
polarity tends to decrease during mitophagy.

Herein, to test our hypothesis, we synthesized a mitochon-
dria-targeting near-infrared fluorescent probe HXPI-P which
displays red shifts in the fluorescence emission peaks as the
medium polarity decreases (Fig. 1A). Though bearing
a hydroxyl-hemicyanine skeleton, HXPI-P is insensitive to pH
and viscosity variations. By analyzing the spectra of the probe,
we show that the shift of emission maxima is linearly related to
the polarity, and the fluorescence intensity ratios at the
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Fig.1 (A) Fluorescence response of HXPI-P to polarity. (B) Normalized

absorption and corresponding (C) fluorescence emission spectra of
HXPI-P (10 uM) in solvents with different polarities. Inset: the linear
fitting curve of Adem Vvs. the dielectric constant. ey = 635 Nm. Adey, =
Aem (in @n organic solvent) — Aem (in water). Data are expressed as the
mean =+ SD of three separate measurements.

wavelengths of 730 nm and 670 nm versus the dielectric
constant follow a Lorentz function. Therefore, the quantitative
measurement of the media polarity values (¢) could be achieved
accurately. HXPI-P is successfully utilized to discern the polarity
difference between normal and cancer cells. Most importantly,
the mitochondrial polarity fluctuations during mitophagy are
monitored in real time, which has never been achieved before.
This probe is thus expected to be helpful to visualize the
mitophagy procedure by detecting the changes of mitochon-
drial polarity.

Results and discussion
Solvent effects on the spectroscopic properties of HXPI-P

The spectroscopic behavior of HXPI-P was studied in various
solvents covering a wide range of polarities such as water (¢ =
80.1), ethylene glycol (¢ = 37.7), methanol (MeOH, ¢ = 32.7),
ethanol (EtOH, ¢ = 24.6), 1-butanol (¢ = 17.8), dichloromethane
(DCM, ¢ = 8.93) and diethyl ether (¢ = 4.34). As shown in Fig. 1B
and C, both the normalized absorption and emission maxima of
HXPI-P display obvious polarity-dependent behavior. Moreover,
the probe exhibits red shifts in the fluorescence emission
wavelength as the solvent polarity decreases (Fig. 1C). Mean-
while, a good linear relationship between Al (shift of the
maximum emission wavelength) and the dielectric constant
over the range of 4.36-80.1 can be obtained (Fig. 1C), indicating
the potential of the probe for quantitative measurements of
polarity. Notably, HXPI-P shows a near-infrared emission in all
solvents, which is beneficial to reduce the biological damage
and the interference of autofluorescence from biological
matrices. The detailed photo-physical properties of HXPI-P in
various solvents are summarized in Table S1.}

To accurately analyze the relationship between spectroscopic
properties and solvent polarity, the absorption and emission
spectra of HXPI-P were collected in the H,0-1,4-dioxane
mixture system since 1,4-dioxane could be the best mimic of the

1618 | Chem. Sci, 2020, 11, 1617-1622

View Article Online

Edge Article

structures of bio-membranes among other organic solvents.
The polarity of the mixed solutions can be finely tuned by the
volume fraction of H,O. As shown in Fig. 2A, the maximum
absorption band at A = 678 nm in 10% water media is blue-
shifted to A = 640 nm in pure water media accompanied by
a color change from green to blue (Fig. S10t). Upon excitation at
A =635 nm, the near-infrared emission wavelength of the probe
undergoes a corresponding blue shift from A = 724 nm in 10%
water media to A = 672 nm in pure water media accompanied by
an obvious decrease in fluorescence intensity (Fig. 2B). A cali-
bration curve was then obtained by plotting the shift of emis-
sion maximum against the dielectric constant (in the range of ¢
= 10.0 to ¢ = 80.1) with an excellent linearity (Fig. 2C; R*> =
0.991). Moreover, a good Lorentz function correlation between
I30/l670 [the fluorescence intensity ratios at A = 730 nm
(approximate emission maxima in 1,4-dioxane) and A = 670 nm
(approximate emission maxima in water)] and the solvent
polarity was obtained (Fig. 2D; R> = 0.991), which is highly
sensitive to weak polarity media, especially that of the physio-
logical polarity range (from & = 10.0 to ¢ = 25.6)."> These unique
properties enable HXPI-P to be feasible to accurately measure
the polarity changes in living cells based on changes in its
emission maxima or the fluorescence intensity ratios I53o/Is7o-
It is interesting that HXPI-P shows a hypsochromic behavior
in the solvents with higher polarity (Fig. 1 and 2), which is
contrary to the behavior of most typical polarity-sensitive fluo-
rophores, like neutral red,” coumarin 343, and cyanine,"
whose emission maxima are red-shifted with increasing solvent
polarity. The reason for this hypsochromic behavior should be
that, according to the Lippert-Metaga equation (eqn (S1)t),'®
the ground state dipole moment of HXPI-P is larger than that of
the excited state. Moreover, a theoretical calculation for the
dipole moments under the ground state and first excited state
was conducted with the global hybrid B3LYP and basis set 6-
31+G(d). As shown in Table S2,f in water, the ground state

10% water

10% water

|

100% water

300

100% water g = 200

100

400 600 800 700 750 800

Wavelength (nm) Wavelength (nm)
C D
60 407, 5250
Alem=58.9-0.72¢ ) R=0.78+ ——m8M
4(£-3.32)2+ 142

I73d/l670
S

physiological
polarity range

Al (NM)

0 25 50 75 100 0 25 50 75 100
€ €

Fig.2 (A) Absorption and (B) fluorescence emission spectra of HXPI-P
(10 puM) in the mixture of H,O and 1,4-dioxane. The percentage indi-
cates the volume fraction. (C) Plot of Adem vs. the dielectric constant in
the range of e =10.0 to ¢ = 80.1. Adern = Aem (in @ mixed solvent) — Aem
(in water). (D) Plot of I730/lg70 (R) vs. the dielectric constant in the range
of ¢ = 2.21 (1.4-dioxane) to ¢ = 80.1 (water). Aex = 635 nm. Data are
expressed as the mean + SD of three separate measurements.
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dipole moment of HXPI-P is 8.15 D, a bit larger than the excited
state one which is 6.62 D. Similar calculation values could be
observed in 1,4-dioxane. The final optimized structures of the
ground state and first excited state are listed in Table S3 at the
end of the ESI.T These estimated values are consistent with our
experimental results that the excited state dipole moment is
smaller than the ground state one and further, well explain the
blue-shift behavior of the probe in solvents with higher polarity.

Selectivity of HXPI-P to pH, viscosity and biological active
substances

The influence of pH on the probe was first investigated.
Although hydroxyl hemicyanine is a widely used pH-sensitive
fluorophore,” the emission maximum and the fluorescence
intensity ratios I30/ls;o of HXPI-P remain barely changed in
20 mM phosphate buffer solutions at pH values from 2.0 to 9.2
(Fig. 3A and S11Af}). We speculate that this may be due to the
formation of intramolecular hydrogen bonds which “lock” the
hydroxyl group (Fig. S12At), making it irresponsive to pH. To
verify this hypothesis, two model compounds, HXPI-M with
a carboxyl group at the meta-position of the hydroxyl group and
HXPI-E with an esterified carboxyl group at the ortho-position of
the hydroxyl group, were synthesized (Fig. S12B and C¥), since
both of them were unable to form intramolecular hydrogen
bonds. As expected, upon excitation at A = 635 nm, HXPI-M and
HXPI-E display obvious changes of fluorescence intensity in
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Fig. 3 (A) Fluorescence emission spectra of HXPI-P (10 uM) in phos-

phate buffer (20 mM) at different pH values. Inset: the plot of A¢y, vs. pH
in the range of pH 2.0 to pH 9.2. (B) Fluorescence emission spectra of
HXPI-P (10 uM) in the mixture of glycol and glycerol. Inset: the plot of
Aem VS. viscosity in the range of n = 22.1 cP to n = 1495 cP. The
percentage indicates the volume fraction. (C) Fluorescence responses
of HXPI-P (10 uM) to various substances: water, KCl (150 mM), CaCl,
(2.0 mM), MgCl, (2.0 mM), CuCl, (100 puM), ZnCl, (100 pM), glucose (10
mM), glutathione (1.0 mM), cysteine (100 uM), vitamin C (1.0 mM),
ONOO™ (100 uM), OCL™ (100 puM), H>0O, (100 pM), NayS (100 uM),
NaHS (100 uM), Na,SO3 (100 pM), NaHSOsz (100 uM), KCN (100 pM) and
1,4-dioxane. dex = 635 M. Aderm = Aem (in an examed solution) — Aem
(in water). Data are expressed as the mean + SD of three separate
measurements.
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different pH buffer solutions (Fig. S137), which are ascribed to
the protonation/deprotonation of the “unlocked” hydroxyl
groups. From these explicit differences of spectroscopic
behavior, we conclude that the formation of intramolecular
hydrogen bonds in HXPI-P plays a vital role in its highly selec-
tive response to solvent polarity.

Moreover, the response of HXPI-P to viscosity was studied. As
the solvent viscosity changes from n = 22.1 cP (glycol) to 1495 cP
(glycerol), both the emission maxima and the fluorescence
intensity ratios I;30/ls;0 display slight decreases (Fig. 3B and
S11Bt). Notably, during mitophagy, the increased mitochon-
drial viscosity'®* might lead to a tiny blue shift of A, and
a decrease of I;3¢/Is;o whereas the supposedly decreased mito-
chondrial polarity tends to cause a great red shift of A, and an
increase of I,30/Is70, which could exclude the false positive
signal derived from the variation of viscosity.

The selectivity of the probe was examined over various bio-
logical coexisting species as well. As shown in Fig. 3C and
S11C,7 the fluorescence emission maxima and the fluorescence
intensity ratios I5z0/ls;0 remain almost unchanged in water in
the presence of various common metal ions (K, Ca**, Mg*",
Cu®, and Zn*"), glucose, redox substances (glutathione,
cysteine, vitamin C, ONOO ™, OCl~, and H,0,) and anions (S*~,
HS™,S0;”", HSO; , and CN ). These results indicate that HXPI-
P could be applied to measure cellular polarity with minimum
interference from pH, viscosity and other biologically related
species.

Mitochondria-targeting ability of HXPI-P

Before intracellular experiments, a standard MTT assay was
performed to determine the cytotoxicity of HXPI-P. As shown in
Fig. S14,7 HXPI-P displayed good biocompatibility since over
95% of HeLa cells survived even when the probe concentration
reached 30 uM.

The photostability of the probe in water and in HeLa cells
was then examined by comparison with that of Mito Green (a
commercial mitochondria-specific dye). As shown in Fig. S15,f
the fluorescence of Mito Green is bleached quickly in 10 min
and decreases to about 25% of the initial intensity after 30 min.
In contrast, HXPI-P is rather stable, and only a decrease of less
than 5% in its fluorescence intensity occurs even after 30 min.
These results are consistent with the observations in water
(Fig. S16%), indicating high photostability of HXPI-P.

To evaluate the mitochondria-targeting ability, HeLa or HFL-
1 cells were co-stained with HXPI-P and Mito Green. As shown
in Fig. 4A, the fluorescence distribution of HXPI-P overlaps well
with that of Mito Green (Pearson's coefficient: 0.97). In contrast,
a poor overlap between the probe and DND-26 (a commercial
lysosome-targeting dye) or ER Green (a commercial endo-
plasmic reticulum-targeting dye) is found (Pearson's coefficient:
0.65 and 0.82, respectively; Fig. 4B and C). Similar results are
obtained for HFL-1 cells (Fig. S177). These results confirm the
superior mitochondria-targeting ability of HXPI-P.

It has been reported that the mitochondria-targeting ability
of the cationic hemicyanine fluorophore is highly dependent on
the negative mitochondrial membrane potential (MMP)."® To

Chem. Sci., 2020, 1, 1617-1622 | 1619
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Fig. 4 Mitochondria-targeting properties of HXPI-P in Hela cells. (A)
Colocalization images of Hela cells stained with Mito Green (500 nM,
green channel, Aex = 488 Nnm, A¢, = 500-550 nm) and HXPI-P (2.0 pM,
red channel, Aex = 635 NM, Aem = 650-750 nm), and the correlation of
HXPI-P and Mito Green intensities as well as the intensity profiles
within the ROI (region of interest; white line in the merged image of
(A)). (B) Colocalization images of Hela cells stained with DND-26 (1.0
uM, green channel, Aex = 488 NM, e = 500-550 nm) and HXPI-P [as
n (A)], and the correlation of HXPI-P and DND-26 intensities as well as
the intensity profiles within the ROI (white line in the merged image of
(B)). (C) Colocalization images of HelLa cells stained with ER Green (1.0
M, green channel, dex = 488 Nm, Ay, = 500-550 nm) and HXPI-P [as
in (A)l, and the correlation of HXPI-P and ER Green intensities as well as
the intensity profiles within the ROI (white line in the merged image of
(C)). Scale bar = 20 um. The fluorescence images were collected using
a 100x oil immersion objective lens.
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assess whether HXPI-P could still stain mitochondria with
decreased MMP, a mitochondrial uncoupling experiment was
carried out. HFL-1 or HeLa cells were incubated with HXPI-P
and rhodamine 123 (an MMP indicator whose fluorescence
intensity would fade significantly when MMP decreased)" for
10 min. Then, carbonyl cyanide m-chlorophenylhydrazone
(CCCP) was added to eliminate the MMP by rapid acidification
of mitochondria.” As can be seen from Fig. S18B and D, after
a 5 min incubation of CCCP, the fluorescence intensity from the
rhodamine 123 channel reduces greatly, confirming the
absence of MMP. However, after mitochondrial uncoupling, the
fluorescence intensity of the HXPI-P channel only exhibits slight
decreases (Fig. S18F and Hf), which is still strong enough for
intracellular imaging. This phenomenon indirectly confirms
the mitochondria-targeting ability of HXPI-P and may be
explained by the good lipid solubility of the probe (log Py.c =
0.76). In conjunction with the data presented in Fig. 4 and S17,
S18,7 we conclude that HXPI-P is capable of monitoring the
state of mitochondria in cell depolarization associated events.

Ratiometric fluorescence imaging of mitochondrial polarity in
normal and cancer cells

It is known that normal and cancer cells display different
To exploit the biological feasibility of
HXPI-P as a ratiometric fluorescence imaging probe, we intend
to detect the variations of mitochondrial polarity among normal
and cancer cells. Two kinds of normal (HFL-1 and L-O2 cells)
and cancer cells (HeLa and HepG2 cells) were incubated with
HXPI-P (5.0 uM) for 10 min, respectively, and then fluorescence

microenvironments.>’
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images were collected in green and red channels. As illustrated
in Fig. 5A, compared with the merged images of the HXPI-P-
stained normal cells, those of the cancer ones are redder in
color. In addition, the fluorescence intensity ratios (R) between
the red and green channels of the cancer cells are higher than
those of the normal ones (Fig. 5B), indicating a lower polarity in
cancer cells. These results confirm the capability of HXPI-P in
determining the mitochondrial polarity in living cells by ratio-
metric fluorescence imaging.

Monitoring the mitochondrial polarity changes during
mitophagy

First, the MMP dependency on the fluorescence intensity ratios
of HXPI-P was studied by using varied concentrations of CCCP.
HelLa cells were incubated with HXPI-P (5.0 uM) for 10 min and
then treated with different concentrations of CCCP for 5 min.
Fluorescence images were collected in red, green and orange
channels, respectively. As expected, the fluorescence intensity
in HeLa cells gradually decreases with increasing concentra-
tions of CCCP (Fig. S19A and Bf). However, the fluorescence
intensity ratios (R) between the orange and green channels
remain barely changed (Fig. S19Cf), suggesting that the
decrease of MMP will not affect the polarity of mitochondria in
a short period of time. These results indicate that HXPI-P could
be applied to monitoring the polarity changes in uncoupled
mitochondria by ratiometric fluorescence imaging.

merged red green

ratio

Fig. 5 Confocal fluorescence images of HFL-1, L-O2, Hela and
HepG2 cells stained with HXPI-P (5.0 uM). (A) Images collected in
green (Aem = 655-685 nm) and red (Aeyy = 700-730 nm) channels at
Jex = 635 nm. The images in the third row are the merged ones of red
and green channels. The fourth row shows the corresponding ratio-
metric images between red and green channels. Scale bar = 20 um. (B)
Polarity differences of mitochondria in different cells. The fluores-
cence intensity ratio of HFL-1 cells is defined as 1.0. The data are
expressed as the mean = SD of three measurements. Significant
differences (*p < 0.05) are obtained by Student's t-test.
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To investigate the variations of mitochondrial polarity
during mitophagy, a starvation model was used. Nutrient
deprivation could cause mitochondrial impairment through
metabolic inhibition, further leading to mitophagy.** For this
purpose, HFL-1 cells were co-incubated with HXPI-P and MDC
(dansylcadaverine, a commercial autophagy tracker)*

a serum-free medium. Subsequently, fluorescence ratiometric
images were recorded at different time points. As shown in
Fig. 6A, the fluorescence intensity of the MDC channel
enhances gradually over time, indicating an expanding degree
of mitophagy ascribed to the nutrient deprivation. Moreover,
the merged images turn redder in color (Fig. 6A) and the fluo-
rescence intensity ratios between the red and green channels
become higher as the time of mitophagy prolongs (Fig. 6B).
These results confirm our hypothesis on the decreased polarity
of mitochondria in the process of mitophagy. To further verify
this conclusion, an autophagy inhibition assay was carried out.

green MDC

merged red

ratio

vy

Fig. 6 Confocal fluorescence images of HFL-1 cells incubated with
HXPI-P (5.0 uM) and MDC (1.0 uM). (A) Images collected in the MDC
(Aem = 450-550 nm) channel at Aex = 405 nm; images in the green (Aem
=655-685nm) and red (Aem, = 700-730 nm) channels were collected
at Aex = 635 nm. The images in the fourth row are the merged ones of
red and green channels. The fifth row shows the corresponding
ratiometric images between red and green channels. Scale bar = 20
pm. (B) Polarity changes of mitochondria with time. The fluorescence
intensity ratio at 0 min is defined as 1.0. The data are expressed as the
mean =+ SD of three measurements. Significant differences (*p < 0.05,
**p < 0.01) are obtained by Student's t-test.
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HFL-1 cells were treated with chloroquine (an autophagy
inhibitor that prevents the fusion of lysosomes with autopha-
gosomes), HXPI-P and MDC in a serum-free medium. As
demonstrated in Fig. S20,T not only the fluorescence intensity of
the MDC channel, but also the ratios between the red and green
channels remain scarcely changed with time. This control study
further supports our hypothesis that mitophagy is accompanied
by a decreased polarity.

In addition to the starvation model, the mitochondrial
polarity changes during drug-induced mitophagy were also
studied. Rapamycin is a widely used macrolide antibiotic which
induces mitophagy in a variety of cell types.”® In this experi-
ment, HFL-1 cells were co-incubated with HXPI-P, MDC and
rapamycin in a serum-free medium. Subsequently, fluorescence
ratiometric images were recorded at different time points. As
shown in Fig. 7, treatment of rapamycin leads to a significant
increase in the fluorescence intensity ratios between the red and

30 min

60 min

green MDC

merged red

ratio

Time (min)

Fig. 7 Confocal fluorescence images of HFL-1 cells incubated with
HXPI-P (5.0 uM), MDC (1.0 pM) and rapamycin (50 nM). (A) Images in
the MDC (Aem = 450-550 nm) channel was collected at Ao, = 405 nm;
images in the green (Aem = 655-685 nm) and red (Aem, = 700-730 nm)
channels were collected at Aex = 635 nm. The images in the fourth row
are the merged ones of red and green channels. The fifth row shows
the corresponding ratiometric images between red and green chan-
nels. Scale bar = 20 pm. (B) Polarity changes of mitochondria with
time. The fluorescence intensity ratio at O min is defined as 1.0. The
data are expressed as the mean + SD of three measurements.
Significant differences (*p < 0.05, **p < 0.01, ***p < 0.001) are ob-
tained by Student's t-test.
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green channels within 30 min, which is more obvious than that
in the starvation model (Fig. 6B), and is ascribed to the
rapamycin-induced mitophagy. It is also seen from Fig. 7 that
a larger decrease in polarity occurs at about 60 min, which may
be attributed to the severer mitophagy caused by both starva-
tion and rapamycin stimulation. Taken together, these results
confirm the utility of HXPI-P for monitoring the mitophagy-
specific polarity dynamics in mitochondria.

Conclusions

In summary, by incorporating a carboxyl group into the
hydroxyl hemicyanine skeleton, we have developed a near-
infrared fluorescent probe, HXPI-P, for mitochondrial polarity
measurements. By using HXPI-P with confocal fluorescence
imaging, we show that the polarity of normal cells is usually
higher than that of cancer cells. Moreover, a decrease in mito-
chondrial polarity during starvation or rapamycin-induced
mitophagy was observed. We believe that, owing to its
synthetic convenience, non-invasiveness, high selectivity and
photostability, HXPI-P may serve as a promising tool for
mitophagy-related fundamental and clinical research.
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