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Mitochondrial STED Imaging and Membrane Potential
Monitoring with a Cationic Molecular Probe

Lu Gao, Rana Dalapati, Beibei Gao, Xiaoyu Huang, Dan Zhao, Fu Wang,*

and Ling Zang*

Mitochondria are essential organelles that not only undergo dynamic
morphological changes but also exhibit functional activities such as
mitochondrial membrane potential (MMP). While super-resolution techniques
such as stimulated emission depletion (STED) nanoscopy can visualize the
ultrastructure of mitochondria and the MMP probe can monitor mitochondria
function, few dyes meet both demands. Here, a small molecule (MitoPDI-90)
based on perylene diimide with cationic groups is reported and used for
mitochondrial STED imaging and MMP indication. Characterized by excellent
photostability, biocompatibility, and high quantum yield, MitoPDI-90 exhibits
STED imaging compatibility, facilitating visualization of mitochondrial cristae
and time-lapse imaging of highly dynamic mitochondria in living cells.
Besides, MitoPDI-90 targets the mitochondria through electrical potential,
also enabling live-cell MMP monitoring. MitoPDI-90 allows for
super-resolution visualization and time-lapse imaging of mitochondria, and
more importantly, indication of changes in MMP, providing insight into the

densely stacked in proximity with a
distance below 100 nm in many mam-
malian cells.>*] Mitochondrial cristae
occupy the majority of the inner mem-
brane surface and are the main site
for energy exchange, therefore their
morphological changes are closely re-
lated to mitochondrial function and
cellular status.’l In addition, the pri-
mary function of mitochondria is to
produce adenosine triphosphate through
oxidative phosphorylation, which oc-
curs within the IM via mitochondrial
membrane potential (MMP).}] MMP
can be derived from the electrochemical
gradient across the IM and serves as a
reliable readout of mitochondrial func-
tion, playing a crucial role in regulating

functional activity of live-cell mitochondria.

1. Introduction

Mitochondria are vital organelles serving as cell powerhouses,
facilitating eukaryotic cell metabolism, apoptosis, and energy
production.l!l The mitochondria are characterized by a double-
membrane structure comprising an inner membrane (IM) and
outer membrane, each serving distinct functions and forming
specialized regions.[?! Especially, due to the highly in-folded
IM, the membrane ultrastructures called cristae as formed are
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and controlling mitochondrial cycles.l>8
Thus, the cristae and MMP are both vital
indicators of mitochondrial vitality, pro-
viding structural and functional insights
into  mitochondria, respectively.>®]

However, simultaneous visualization of mitochondrial cristae
and MMP proves challenging. The diffraction limitation hin-
ders traditional optical microscopies from distinguishing the
mitochondrial cristae.[*] Previously, electron microscopy was
commonly used to observe mitochondrial cristae in fixed
specimens,[*?! limiting the analysis of morphological changes
such as fusion and fission in living cells.’] Recently, super-
resolution fluorescence microscopy, especially stimulated emis-
sion depletion (STED) microscopy and structure illumination
microscopy (SIM),[*#1%-13) have been successfully employed in
nanoscale imaging of cristae and visualization of mitochondrial
dynamics in living cells. In general, the SIM reconstructs super-
resolution images through image processing, however, there
are often artifacts and the risk of distortions in the reconstruc-
tion process. In comparison, STED microscopy directly acquires
super-resolution images through point-scanning imaging, pro-
viding superior resolution and rapid imaging. Consequently,
when conducting dynamic super-resolution imaging of live-cell
mitochondria, particularly their inner cristae structure, STED
imaging is far more visually intuitive and authentic compared
to SIML.[+14]

The resolution of STED imaging is related to the power of
the depletion laser, relying on the brightness and photostabil-
ity of fluorescence probes.'>"7] In the last decades, fluorescent
probes used in living cells mainly include fluorescent proteins,
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organic molecules, aggregation-induced emission luminogens,
and quantum dots.'®19) Among them, the organic molecules
are the main probes used in live-cell STED imaging due to
their superior brightness and biocompatibility. Previously de-
veloped probes such as 10-N-nonyl acridine orange (NAO),2%
DTPAP-P,/?!] MitoEsq-635,1% MitoPB yellow,l”) and PKMO!??I
have achieved the STED imaging of mitochondria in living cells.
Unfortunately, these dyes focus on mitochondrial structure imag-
ing and lack significant voltage sensitivity, making them difficult
to be MMP probes.[?}] The commonly used dyes for MMP mon-
itoring include two common types: bicolor dyes such as tetra-
chlorotetraethyl benzimidazole carbocyanine iodine compounds,
known as JC-1, which measure changes in MMP proportionately,
and cationic dyes like rhodamine 123 (Rho123) and tetramethyl-
rhodamine methyl ester (TMRM), which track changes in MMP
through steady-state emission intensity changes.[®¥2*1 However,
these MMP probes have rarely been reported for STED imag-
ing, possibly due to a lack of mitochondrial membrane struc-
ture dependence compared to other mitochondrial STED probes
(like NAO), as well as issues such as insufficient photostability.?°!
Therefore, probes used for mitochondrial imaging often strug-
gle to balance charge sensitivity and membrane targeting, such
as those with high voltage sensitivity, which makes it difficult
to achieve STED super-resolution imaging or those with good
membrane targeting but are unable to be voltage sensitive. So
far, except for using NAO and tetramethylrhodamine ethyl es-
ter (TMRE) to achieve MMP STED imaging and Airy imaging
of mitochondria,[?! there have been limited reports on the mi-
tochondrial probes for STED imaging to monitor MMP in liv-
ing cells with super-resolution. Thus, the development of probes
for mitochondrial STED imaging and MMP monitoring in living
cells remains a continuous effort.

Among numerous dyes, organic small molecules based on
the rigid structure of perylene-3,4,9,10-tetracarboxylic diimide
(PDI) have the potential to achieve STED imaging and MMP
monitoring. PDIs form a unique class of fluorophores with
high thermal and photo-stability, and tunable optical and elec-
tronic properties that are suitable for varying applications in op-
toelectronics such as light-emitting diodes, photovoltaics, sen-
sors, as well as bioimaging.?#?’] PDI offers high structural flex-
ibility for side group modification at both the imide and bay
positions,[82] which in turn helps tune not only the optical
properties (e.g., absorption and fluorescence) but also the cyto-
toxicity to make the dye best fit for cell imaging. Particularly,
tuning the fluorescence emission up to the long wavelength re-
gion helps enhance the optical penetration in bio-species, highly
favorable for cell imaging as well. Substituent modification of
PDI with cationic groups, such as triphenylmethylphosphonium,
Tetraphenylphosphonium, dequalinium, and quaternary ammo-
nium salts, would facilitate the molecules to target and enter the
IM of mitochondria via electrostatic potential.3%3!l In this way,
PDI can be endowed with the ability to monitor MMP. In this
regard, cationic PDIs could serve as ideal fluorophore candidates
for STED imaging and MMP monitoring of mitochondria.

Herein, we report on a cationic PDI fluorophore, MitoPDI-
90, which is based on a tetrachord-substituted PDI backbone.
MitoPDI-90 meets the primary functional requirements for
STED imaging, specifically targeting mitochondria for visualiza-
tion of MMP change. As shown in this study, MitoPDI-90 can
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easily penetrate cells and display superior targeting capability to-
ward mitochondria enabling visualization of cristae. Compared
to bright MMP probes such as Rho123 and TMRM, MitoPDI-
90 still has a relatively weaker fluorescence intensity even with a
quantum yield of ~#62%. At the same concentration and optimal
excitation, the maximum fluorescence intensity of MitoPDI-90
is only ~40% of Rho123 and 8% of TMRM. However, MitoPDI-
90 not only demonstrates MMP monitoring but also super-
resolution imaging under STED microscopy, enabling monitor-
ing of mitochondrial dynamics in living cells. We anticipate that
MitoPDI-90 has the potential to be developed as an excellent mi-
tochondrial probe for super-resolution structure and functional
MMP imaging.

2. Results and Discussion

2.1. Design of Fluorescent Mitochondrial Probe with High
Photostability

As illustrated in Figure 1, the photostable dye MitoPDI-90 is
based on a tetrachloro-substituted PDI backbone with the two
imide side chains modified with quaternary ammonium ions.
The cationic modification renders the water solubility of the
molecule, while the tetrachloro-substitution causes significant
twisting of the PDI backbone, which is intrinsically planar be-
fore being substituted with the chlorines. Moreover, the quater-
nary ammonium cations enable the dye to target mitochondria
and monitor MMP. The twisted conformation hinders the 7—z
stacking interaction (aggregation) between the PDI planes, 2832
thus enhancing the molecular dispersion of PDI when dissolved
in solution. The molecular dispersion of fluorophores is con-
ducive to maximizing the fluorescence emission. Indeed, the
fluorescence quantum yield of MitoPDI-90 in water solution
was determined in this study to be as high as 62%. In con-
trast, for the PDI fluorophore modified with the same cationic
side chains but without modification at the bay area (PDI-68,
Figure 1a), the fluorescence was found significantly weak, with
a quantum yield of only 15%. This is mainly due to the z—x
stacking of PDI cores, a typical phenomenon often referred to as
aggregation-induced quenching.****! An analog of PDI-68 was
also synthesized with the cationic side chains increased in length
from 3 to 4 carbons (PDI-82, Figure 1a), to enhance the flexi-
bility and thereby the dispersion in water. However, the fluores-
cence quantum vyield as measured for PDI-82 was still as low
as 15%, implying that the side chain modification at imide po-
sitions does not seem to help much the molecular dispersion
in water, which is otherwise more dependent on the structural
modification at the bay area. Therefore, MitoPDI-90 with a high
quantum yield was selected as a fluorescence imaging probe.
Detailed spectral and solubility characterizations of MitoPDI-90
are summarized in Figure 1b, Figures S1 and S2 (Supporting
Information).

MitoPDI-90 exhibits an absorption maximum of ~520 nm
with a Stokes shift of ~35 nm (Figure 1b). Within the range
of 100 pm (in water), the UV absorption of MitoPDI-90 re-
mains almost unchanged with increasing concentration, while
the absorption intensity increases with increasing concentration
(Figure S3b, Supporting Information). As the concentration in-
creases, the fluorescence emission of the dye undergoes a slight
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Figure 1. Properties of MitoPDI-90. a) Chemical structure of MitoPDI-90 in comparison with the analogues PDI-68 and PDI-82. b) Absorption and
fluorescence (emission) spectra of the MitoPDI-90 (1 um in water), indicating that a 775 nm pulse laser can be employed for depletion on the STED
setup. c) The detected fluorescence signal measured from a MitoPDI-90 solution (1 um in water) cast a coverslip as a function of the depletion beam
intensity of two kinds of STED laser. The excitation beam was 520 nm with a frequency of 80 MHz, and the STED beam was 660 nm (continuous wave)
and 775 nm (80 MHz pulse laser). d) Comparison of photobleaching resistance between MitoPDI-90, TMRM, and Rho123. The solutions of MitoPDI-90
(1 um in water) and Rho123 (1 um in water) with similar emission intensities were continuously illumination under a xenon lamp (50 W) for 4 h and the

fluorescence spectra were measured every 1 h, respectively.

red shift (Figure S3b, Supporting Information). To verify the
STED compatibility of MitoPDI-90, a depletion experiment of
MitoPDI-90 solution (1 um in water) was conducted. As shown
in the solution depletion experiment, the saturation intensity of
MitoPDI-90 under 775 nm laser is approximately three times
lower than that under 660 nm (Figure 1c), which can be attributed
to the fact that the 660 nm laser is a continuous wave, while the
775 nm laser is pulse mode. The result means the 775 nm laser
could implement significant depletion under lower power than
the 660 nm laser for STED imaging of MitoPDI-90, even though
the wavelength is far from the emission peak of MitoPDI-90. Ad-
ditionally, the photostability of STED dyes determines the image
quality. As a representative of MMP dye, a cationic molecule dye
Rho123 was selected as a reference. Compared with Rho123 and
TMRM, MitoPDI-90 remained at least 80% fluorescence inten-
sity after 4 h of continuous illumination of white light, exhibiting
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higher photostability than Rho123 and TMRM (Figure 1d) in wa-
ter solution. The result indicates that under broad spectral irra-
diation, the aqueous solution of MitoPDI-90 exhibits better over-
all anti-photobleaching properties. Apparently, MitoPDI-90 is an
ideal candidate for fluorescence imaging and MMP monitoring,
which is worthy of being explored with super-resolution imaging
on STED microscopy.

2.2. Live-Cell Mitochondria Confocal Imaging with MitoPDI-90

To investigate the mitochondrial targeting of MitoPDI-90, the mi-
tochondrial dye Mitobright LT deep red (MBDR) was selected as a
reference. Notably, MBDR is insensitive to MMP, enabling long-
term stable imaging of mitochondria. Another attractive reason
for choosing MBDR is that its fluorescence spectrum with an
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Figure 2. Analysis of mitochondrial imaging of MitoPDI-90. a) Co-localization confocal imaging of living cells stained with MitoPDI-90 (10 pm) and
MBDR (0.1 um). From left to right: wide field; MitoPDI-90 excited at 520 nm and collected at 540-620 nm; MBDR excited at 640 nm and collected at
655-700 nm; merged image. b) Co-localization confocal imaging of living cells stained with MitoPDI-90 (10 um) and MBDR (0.1 um) in the local area.
The cross-section plot along the orange dashed lines in the two pictures is shown. c) Distribution of PCC between cell images stained with MBDR at
0.1 um and MitoPDI-90 at various concentrations of 1, 5, 10, 25, and 50 um. The bar and the whisker represent the mean + SE, n = 5. d) Co-localization
time-lapse confocal imaging of living cells stained with MitoPDI-90 (5 um, upper row) and MBDR (0.1 um, lower row). The blue and green dashed lines
in the MitoPDI-90 image sequence select cells in normal and apoptotic states, respectively. ) The average fluorescence intensity of MitoPDI-90 and
MBDR channels at the region of interest in d is plotted as a function of the recorded frame number. The graph on the left represents the blue selection

area 1in Frame #21 of d, and the right one is the green selection area 2 in Frame #21 of d. Scale bars in a, b, and d are 5 ym.

emission maximum of 650 nm does not overlap with MitoPDI-
90, which can avoid interference in dual-color imaging.

The HelLa cells were co-stained with MBDR and MitoPDI-90
for colocalization analysis with confocal imaging (Figure 2a,c).
The Pearson’s correlation coefficient (PCC) of MitoPDI-90 and
MBDR channels was employed as a quantification of co-
localization efficiency to characterize the mitochondrial target-
ing performance of MitoPDI-90 (Figure S4, Supporting Informa-
tion). To further optimize the targeting performance of MitoPDI-
90, the PCC of Hela cells co-stained with MBDR (0.1 um) and
MitoPDI-90 (at various concentrations of 1, 5, 10, 25, and 50 pm)
(Figure 2b) was quantified. The results indicated that PCC re-
mains at a high level above 0.9 with MitoPDI-90 at ~5 pm, but
gradually decreases with the concentration of MitoPDI-90 exceed-
ing 10 pm. Despite that the fluorescence signal of MitoPDI-90 dye
elevated with increasing concentration, the mitochondrial fluo-
rescence intensity did not significantly enhance when the dose
concentration was beyond ~10 um, as excessive dye could be en-
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gulfed by lysosomes, presenting strong fluorescence intensity
groups with aggregates, resulting in decreased PCC. This was
primarily due to the limited value of MMP,®l and the positively
charged MitoPDI-90 dye entering mitochondria would eventually
reach its saturation state, reflecting an equilibrium determined
by the limited number of local binding sites. Therefore, a con-
centration of ~5 um is considered the most suitable condition for
MitoPDI-90 as used for mitochondrial imaging in this study.
Co-localization time-lapse imaging of Hela cells stained with
MBDR and MitoPDI-90 was employed to further explore the dif-
ference between MitoPDI-90 (as a functional probe) and MBDR
(mainly as a structure probe). An in situ comparison of the two
dyes was provided by a field of view including both normal and
apoptotic cells (Figure 2d). In Figure 2d (Frame #21), a normal
cell was selected as no.1 by the blue dashed line in the region of
interest. The mitochondrial morphology of no.1 remained rela-
tively unchanged throughout the imaging period, and the fluores-
cence intensities of MitoPDI-90 and MBDR also demonstrated

© 2024 Wiley-VCH GmbH
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little variation. In contrast, an apoptotic cell identified by the
green dashed line labeled as no. 2 exhibited a transformation in
the morphology of its mitochondria, changing from tubular to
spherical structures (Figure 2d; Video S1, Supporting Informa-
tion). Both MitoPDI-90 and MBDR showed this morphological
change synchronously during imaging, but MitoPDI-90 exhib-
ited a significant change in fluorescence intensity (Figure 2e).
Compared to normal cells, the mitochondria of apoptotic cells
may differ in morphology and MMP, but cells stained with
MBDR could only observe the former. Therefore, compared to
MBDR, MitoPDI-90 enables the visualization of both mitochon-
drial morphology and MMP through fluorescence distribution
and fluorescence intensity.

2.3. Live-Cell STED Imaging with MitoPDI-90

Considering the optical properties, a 520 nm excitation laser and
a 775 nm STED laser were employed for STED imaging in living
cells. Usually, the 775 nm laser caused less damage to cells com-
pared with the STED lasers of shorter wavelengths such as 660
or 592 nm,** which would be beneficial to time-lapse imaging
of living cells. Compared with confocal imaging, STED imaging
provided more details on the distribution of MitoPDI-90 in living
cells, including aggregates formed under high concentrations of
dyes (Figure 3a) and the mitochondria morphology (Figure 3b).
Notably, live-cell mitochondrial STED imaging achieved visual-
ization of the spacing between mitochondria cristae with at least
81 nm (Figure 3b), providing more clear evidence of the binding
site of MitoPDI-90. In contrast, the cationic probe TMRE used
for MMP STED imaging achieved a resolution of ~140 nm.[?!
Therefore, MitoPDI-90, as an MMP dye, has demonstrated the
resolution advantage of STED imaging. Results showed that
the dye distribution within the mitochondria was not uniform,
but related to the ultrastructure of the cristae, confirming the
mitochondrial membrane structure binding of MitoPDI-90, de-
spite its voltage-dependent binding. With this membrane bind-
ing property, MitoPDI-90 also possessed super-resolution imag-
ing capability for mitochondrial structures, particularly the ultra-
structure of the mitochondrial cristae.

The time-lapse STED imaging for mitochondria was employed
to further demonstrate the imaging application of MitoPDI-90
(Video S2, Supporting Information). The changes in mitochon-
drial morphology in time-lapse imaging revealed mitochondria
as highly dynamic structures that constantly evolve with fusion
and fission in living cells (Figure 3c,d). The results also sug-
gested mitochondrial heterogeneity within cells, where fusion
and fission co-occurred, representing the equilibrium state of mi-
tochondria in the cell.l®3°]

2.4. MMP Monitoring with MitoPDI-90

Encouraged by the excellent mitochondrial targeting feature of
MitoPDI-90, Hela cells were stained with MitoPDI-90 to as-
sess MMP imaging performance. One prerequisite of fluores-
cent dye for both STED imaging and MMP monitoring is to
maintain photostability, which plays a decisive role in time-lapse
imaging and the evaluation of MMP changes. Usually, results
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from the fluorescence-based MMP probes are often misleading
in MMP analysis due to photobleaching.*®! Therefore, Rho123
and TMRM, the common MMP probes, were also carried out
with the same photostability test. The photobleaching resistance
of the three dyes was compared under different exposure dura-
tions in living cells (Figure S5, Supporting Information). Since
the point scanning mode is used by confocal microscopy, the
exposure duration is the laser irradiation time per pixel, which
is named the dwell time. Three dwell times of ~1.5, 2.5, and
5 ps were taken to continuously scan 50 images of living cells
stained with Rho123 (Figure 4a), MitoPDI-90 (Figure 4b), and
TMRM (Figure 4c), respectively. After scanning 50 images con-
tinuously with a dwell time of 1.5 us, MitoPDI-90 still maintained
a fluorescence intensity of ~90%, while Rho123 rapidly dropped
to ~60% and TMRM dropped to ~75%. The results indicated
that MitoPDI-90 showed better resistance to photobleaching than
Rho123 and TMRM in time-lapse imaging of living cells. The re-
sult is also similar to the performance of the material in water
solution, indicating that the cellular environment did not signif-
icantly affect the photobleaching resistance of MitoPDI-90. Par-
ticularly, the excellent photobleaching resistance brings more re-
liable MMP monitoring, which primarily relies on fluorescence
intensity modulation.

In addition, based on the characteristics of MMP probes, it
is necessary to clarify the quenching and non-quenching modes
to correctly explain the changes in MMP.[738 Typically, Rho123
uses a quenching mode for imaging, which means using a high
concentration (~1.5 um, followed by wash) of dye to form aggre-
gates within mitochondria, thereby quenching the partial fluo-
rescence emission of the aggregated dye. TMRM typically uses a
non-quenching mode, which means using probes at lower con-
centrations (~20 nm) and imaging with probes staying in the
buffer. To evaluate the mode in which MitoPDI-90 works at the
previously selected appropriate concentration (5 um, followed by
wash), 10 pum carbonyl cyanide 3-chlorophenylhydrazone (CCCP)
was used to induce depolarization of mitochondria, and then
compare the in situ responses of three dyes to MMP changes
in their respective modes (Figure 4d). In the quenching mode
of Rho123, the MMP collapse led to the release of dyes, which
instantly increased fluorescence signals. In the nonquenching
mode of TMRM, dyes in mitochondria did not aggregate or
quench, which made relative static changes along with MMP loss.
In contrast, MitoPDI-90 did not undergo aggregation quenching
in mitochondria like Rho123, even at a concentration of 5 um. By
comparing the fluorescence emission spectra of Rho123, TMRM,
and MitoPDI-90 at the same concentrations (1 pm in water), it can
be found that one possible reason for the high incubation concen-
tration of MitoPDI-90 is that its fluorescence emission intensity
is lower than that of Rho123 and TMRM at the same concentra-
tion (Figure S6a, Supporting Information). Besides, the analysis
of permeability across the plasma membrane of dyes was tested
by comparing the fluorescence intensity of culture media con-
taining different concentration dyes before and after cell incuba-
tion. It can be seen that the absorption of TMRM by cells is higher
than that of MitoPDI-90 (Figure S6b, Supporting Information).
The fluorescence intensity and cellular absorption of MitoPDI-90
are lower than those of TMRM at the same concentration, which
may be the reason why MitoPDI-90 requires higher incubation
concentrations.
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To quantify the change of MMP, the fluorescence intensity of
living HelLa cells stained with Rho123, TMRM, and MitoPDI-90
was measured before and after the addition of 10 um CCCP. By
comparing the MMP levels before and after depolarization of mi-
tochondria (Figure 4e), Rho123 showed a decrease of #30% and
TMRM showed a decrease of ~75%, while MitoPDI-90 exhib-
ited a decrease of ~42%, indicating that MitoPDI-90 has a sen-
sitivity to MMP between Rho123 and TMRM. Notably, the fluo-
rescence of MitoPDI-90, TMRM, and Rho123 could still be ob-
served after cell apoptosis and collapse of MMP, albeit at a low
intensity.[**) This might be because the recorded fluorescence sig-
nal comes from the entire cell, thus containing dye signals in the
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cytoplasm except for mitochondria. In general, the Rho123 suf-
fers severe photobleaching during the image capture, which can
lead to a decrease in signal. Therefore, the decline in MMP de-
tected by MitoPDI-90 was more authentic and reliable than that
observed with Rho123. Notably, Rhodamine derivatives used for
MMP monitoring, such as Rho123, TMRM, and TMRE, have re-
versible binding to mitochondrial membranes, thus exhibiting a
response to MMP.[203] Differently, the binding of NAO to the
mitochondrial membrane is mostly irreversible and cannot re-
spond to MMP.[%] Consequently, we speculate that the response
of MitoPDI-90 to MMP indicates that their binding to the mito-
chondrial membrane is mostly reversible.

© 2024 Wiley-VCH GmbH
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Figure 4. Comparison of MitoPDI-90, Rho123, and TMRM. The photobleaching resistance of a) Rho123, b) MitoPDI-90, and c) TMRM under different
dwell times (1.5, 2.5, 5 ps). Imaging fluorescence intensity of Rho123, MitoPDI-90, and TMRM stained in living cells at different dwell times as a
function of the number of frames, respectively. The box and the central line represent the mean + SE, n = 3. d) The fluorescence intensity of MitoPDI-90
(5 um), Rho123 (1.5 pum), and TMRM (20 nm) stained in living cells. The 10 um CCCP was added to collapse MMP at the arrow. e) Statistical analysis of
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Besides, the cytotoxicity of dyes is also an important property.
Compared to Rho123, MitoPDI-90 has a smaller impact on over-
all cell activity (Figure S7, Supporting Information). More specif-
ically, the impact of dyes on state 3 of mitochondria can be evalu-
ated through mitochondrial oxygen consumption. Compared to
TMRM, MitoPDI-90 of micromolar level concentration indeed
causes inhibition of state 3, but the impact within the 20 um range
does not exceed 30% (Figure S8, Supporting Information). This
may be related to the lower uptake of MitoPDI-90 by cells or mi-
tochondria. Notably, rhodamine-based probes like Rho123 and
TMRE can reduce respiratory rate and affect cell state after en-
tering cells, and high concentrations of the dye accumulated can
result in toxicity.[3940]
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2.5. STED Imaging and MMP Monitoring with MitoPDI-90

Further, the changes in MMP were observed under STED imag-
ing to verify the multifunctional imaging ability of MitoPDI-
90. Based on the heterogeneity of mitochondria, we speculate
that intracellular mitochondria can also exhibit different MMP
responses. To verify this hypothesis, the depolarization process
of mitochondria was recorded using time-lapse STED imaging
in living cells. Without additional stimuli, cells stained with
MitoPDI-90 can be observed to undergo free morphological
changes through STED imaging, while the fluorescence signal
intensity remains almost unchanged (Figure 5a; Video S3, Sup-
porting Information). The addition of CCCP (10 pm) induces
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MMP collapse, and this process is recorded through time-lapse
STED imaging (Figure 5b,c; Video S4, Supporting Information).
It can be seen that mitochondrial depolarization is accompa-
nied by changes in mitochondrial morphology and a decrease in
overall fluorescence intensity. Especially, it was also found that
there were differences in the changes of MMP in local areas
(Figure 5d), and different cells showed different MMP responses
after adding CCCP. The results further confirm that MitoPDI-90
can achieve both super-resolution imaging and MMP monitor-
ing simultaneously. Besides, mitochondria STED probes such as
PKMO are not sensitive to changes in MMP (Figure S9, Support-
ing Information). Therefore, MitoPDI-90 can monitor changes
in MMP while achieving STED imaging, thereby obtaining more
information for the in situ study of mitochondrial functional ac-
tivity.

3. Conclusion

In summary, MitoPDI-90 reported herein possessed high photo-
stability, strong fluorescence emission, and low cell toxicity, mak-
ing it suitable for super-resolution STED imaging of live-cell mi-
tochondria and time-lapse imaging. Meanwhile, the cationic tar-
geting mechanism of MitoPDI-90 enables dual imaging of struc-
ture and MMP for mitochondrial dynamics. Thus, MitoPDI-90
provided both super-resolution imaging and MMP monitoring
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capabilities, providing an elegant way to investigate the func-
tional dynamics of mitochondria in living cells. We believe that
MitoPDI-90, as a mitochondria probe for structure and function
dual imaging, will provide further insight into the functional ac-
tivity of mitochondria in living cells.

4. Experimental Section

Mitochondrial Labeling and Confocal Imaging: Hela cells were seeded
on glass-bottomed dishes before they were grown to a suitable density
(24 h) via incubation in DMEM with 10% FBS (37 °C, 5% (v/v) CO,). For
the colocalization test, the cells were stained with 100 nm MitoBright LT
Deep Red (MBDR, Dojindo) for 30 min and then with different concentra-
tions of MitoPDI-90 (0, 1, 5, 20, 50, and 100 pum) for 20 min (37 °C). For
the MMP test, the cells were stained with 1.5 um Rho123 (Beyotime) or
5 um MitoPDI-90 for 20 min (37 °C), then the medium was changed
to fresh DMEM. As a comparison, the cells were stained with 20 nm
TMRM (Adamas life) for 20 min, and then imaged with the dye stayed in
the buffer. The confocal imaging was performed on Leica TCS SP8 STED
3x system equipped with a 100x/1.40 oil objective. The excitation light
source was a white laser set to the following values: 480 nm (Rho123 chan-
nel),520 nm (MitoPDI-90 channel), 550 nm (TMRM channel), and 640 nm
(MBDR channel). Emission light was set to the following spectral ranges:
500-550 nm (Rho123 channel), 540-620 nm (MitoPDI-90 channel), 565—
650 nm (TMRM channel), and 655-700 nm (MBDR channel).

Live-Cell STED Imaging: Hela cells were seeded on glass-bottomed
dishes and stained in DMEM containing 5 um MitoPDI-90 for 20 min in a
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CO, incubator after incubation for 24 h. Then, the cells were washed three
times with fresh medium to remove the free dye and kept in DMEM for
imaging. The Leica TCS SP8 STED 3 system with 2 CW lasers at 592 and
660 nm and a pulsed laser at 775 nm with 80 MHz frequency for the de-
pletion was used for STED imaging. An HyD detector and a STED WHITE
objective (100x/1.40 Oil object) were employed. Unless otherwise noted,
the STED images were acquired with excitation at 520 nm, emission in
the range of 540-620 nm, and depletion at 775 nm. The images were pro-
cessed using Fiji software.

Live-Cell Time-Lapse Imaging: Time-lapse confocal and STED imaging
of the labeled cells were performed with the Leica TCS SP8 STED 3X sys-
tem. In general, continuously capture 50 confocal images of stained cells
with different dwell times to obtain videos.

Statistical Analysis:  The fluorescence intensity was analyzed by using
Fiji software. The co-localization coefficient was obtained via the “colocal-
ization finder” plugin in Image). The fluorescence intensity change curve,
fluorescence intensity analysis, and co-localization coefficient statistics
were all obtained with OriginPro 2023b software. Unless otherwise speci-
fied, all the data were denoted as mean + SE. The P-values were calculated
using a two-sided Student’s t-test, “p < 0.05.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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