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The first NIR fluorescent mitochondria-targeting K* sensor, denoted
as TAC-Rh, was developed. The produced sensor consists of a
rhodamine analog as the fluorophore and triazacryptand (TAC) as
the K* recognition unit. Compared to the K* sensors reported
previously, TAC-Rh exhibits two unique optical properties: the
largest Stokes shifts (120 nm) and the longest emission peak wave-
length (720 nm). With the assistance of this novel sensor, real-time
changes of K* concentrations in mitochondria during apoptosis
were monitored for the first time. Moreover, it was also the first
time that the relationship between mitochondrial K* flux and apop-
tosis was investigated in real time using fluorescence imaging.

The potassium ion (K") is one of the predominant ions in living
cells (about 150 mM), and is closely involved in many biological
processes, such as kidney function, nerve transmission, heart beat
and muscle contraction." Yu et al first proposed an association
between apoptosis and the loss of intracellular potassium ions.> In
2016, Vodnala et al. discovered that an increase in the concen-
tration of K" in tumor microenvironments could reduce the activity
of T cells and prevent their anti-tumor function,® and discovered in
2019 that an increased concentration of K" would also destroy T
cell metabolism and nutrient uptake, leading to a starvation state
known as autophagy. These discoveries opened up new avenues
for developing therapies aimed at mobilizing the immune system
against cancer, with these efforts involving exploring the role of
K" in these processes. Therefore, determination of intracellular
potassium levels is essential.

More and more studies have found mitochondria to be
involved in a variety of key events involving the regulation of
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apoptosis.>® However, most of these studies did not delve deeply
into the organelle level to explore the relationship between
mitochondrial K and apoptosis due to the lack of appropriate
tools. Therefore, constructing a tool to trace in real time the flow
of K" in mitochondria would be expected to be very beneficial
for analyzing the relationship between mitochondrial K" and
apoptosis.

In previous measurements of mitochondrial K' concentration,
it was usually necessary to isolate mitochondria, a complex process
not feasible for determining the concentration of mitochondrial K*
in real time.” Confocal laser scanning microscopy has turned out
to be an important tool for understanding the biological states of
metal ions, and doing so in a damage-free manner with high time-
space resolution.® However, currently, only a few K™ sensors have
been prepared.” Moreover, PBFI, the most common potassium
indicator, was reported to be interfered with by sodium to some
extent.’ Since He et al. first reported a K™ sensor using a highly
selective triazacryptand (TAC) ligand as the K'-sensing moiety,'" a
few TAC-derived K' sensors were further developed and used for
intracellular imaging of K*.°%“%'

The emissions of most fluorescent sensors have been observed
to occur in the ultraviolet visible (UV/Vis) range (400-700 nm in
wavelength), leading to light-induced toxicity, and weak tissue
penetration and resolution, when applied in vivo due to the auto
fluorescence and light absorption of biomolecules. It would be
preferable to pursue low-energy NIR fluorescent sensors to
minimize light-induced toxicity, to lower the level of interference
from biomolecules, and deepen tissue penetration.’* However, the
fluorophores used for K' sensors, including boron dipyrromethenes
(BODIPYs),”** naphthalimides,’'* and other dyes,””'® have emis-
sion wavelengths below 600 nm. So far, only four K* fluorescent
sensors with emission wavelengths of over 600 nm have been
reported (Zhou et al., 2011, Apaem = 650 NM;* Sui et al., 2015,
Ainaxem = 650 nm;> Miiller et al., 2016, Amaxem = 688 nm;>? Bandara
et al, 2017, Jmaxem = 680 nm'’) (see Table S1 in ESIt). Although
these fluorescence emission wavelengths are partly situated in the
NIR region (700-900 nm in wavelength), the peaks of all these
fluorescence emissions are at wavelengths of shorter than 700 nm.
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Ideal intracellular K* sensors should display the following
characteristics:'® long-wavelength fluorescence, wide dynamic
K" detection range (100-300 mM), insensitivity to Na* (5-15 mM
in intracellular fluid) and other metal ions at physiological
concentrations, pH insensitivity, and rapid response. Our strategy
was to integrate TAC for K' recognition with a rhodamine analog as
an NIR fluorophore. Herein, TAC-Rh with a K" detection range of 16
to 400 mM was designed and synthesized, enabling its suitable
application for sensing intracellular K'. TAC-Rh is the first NIR
fluorescent K sensor with a peak of emission wavelength of up to
720 nm, a value greater than those of all fluorescent K' sensors
reported to date. And TAC-Rh in HEPES buffer shows a Stokes shift
of 120 nm, also a value larger than those of all reported
potassium ion sensors. In addition, TAC-Rh with its positive
charge preferentially accumulated in mitochondria, realizing
in situ monitoring of mitochondrial K" concentration. To date,
only two mitochondrion-targeting K sensors with short emission
wavelengths have been reported by us.”'? And the sensors were
only used to observe the fluxes of K™ in mitochondria, and were not
used for exploring mitochondrial K* regulation of apoptosis. In
this work, the optical properties of TAC-Rh and its applications in
studying the relationship between mitochondrial potassium
concentration and apoptosis were investigated.

Fig. 1a shows the synthetic route to TAC-Rh. In brief, TAC-Rh
was obtained by forming a covalent C—C bonds between TAC
and the rhodamine analog, in turn achieved by carrying out a
condensation reaction of TAC-CHO*® with compound 1 in an
acetic anhydride solution. And the structure of TAC-Rh was
characterized by performing "H NMR spectroscopy and high-
resolution mass spectroscopy (Fig. S1 and S2, ESIt).

Due to the electrostatic interaction resulting from the positively
charged cationic TAC-Rh and negative transmembrane potential of
mitochondria, most of the TAC-Rh was expected to localize in
the mitochondria.'® In the structure of the TAC-Rh molecule,

Compared with reported K* sensors
1 \ Largest Stokes Shifts

‘ (up to 720 nm)

‘ \ Longest Emission Peak

: (at 720 nm)

v Rapid Response to K*

(*=0.925)
‘ V First Mitochondria-targeting
(b) ___TACCHO NlRprObe ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
{ . NIRFlorophore  hv hy
7/ . Weak Strong
| Fluorescence ’ Fluorescence
PET OFF

dnoin FuneSie)-eLIPUOYIONA

K* Recognition Unit (TAC)

Fig. 1 Rational design, synthetic route (a), and proposed PET process
(b) for TAC-Rh; I: acetic anhydride, 90 °C, 8 h.
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the tertiary amino group of TAC acted as an electron donor and
the rhodamine analog fluorophore served as an electron acceptor.
The fluorescence quenching effect took place due to the photo-
induced electron transfer (PET) (Fig. 1b) from TAC to the
rhodamine analog. As a result, TAC-Rh in free form displayed weak
emission, while a significant fluorescence intensity increase occurred
upon the addition of K" because the complexation between TAC and
K" effectively inhibited the fluorescence quenching from PET.
Absorption and fluorescence titration experiments of TAC-Rh
in a HEPES bulffer containing centrimonium bromide (CTAB) as
a surfactant, which can increase the solubility of the probe, were
performed at various K concentrations. The acquired UV spectra
of the TAC-Rh-K' complex show a stronger UV absorption than
that of the free TAC-Rh after the addition of K* (Fig. S3, ESI{). As
exhibited in Fig. 2a and b, a remarkable fluorescence response at
720 nm was observed with an excitation wavelength of 600 nm,
and the fluorescence response of TAC-Rh showed a linear
relationship to log[K'] in the range 16-400 mM. The K4 value
was determined using the Benesi-Hildebrand plot to be 105 mM
(Fig. S3b, ESIt),” indicating the suitability of using TAC-Rh for
monitoring intracellular K" levels.

Any intracellular K* sensor should be designed to be insensitive
to other metal ions at their intracellular physiological levels.
Therefore, the fluorescence changes for TAC-Rh were tested in
the presence of the following intracellular cations at their
respective physiological concentrations: Cu®* (50 uM), Ca>*
(2 mM), Mg>* (2 mM), Mn** (50 uM), Fe** (50 uM), Fe>* (50 pM),
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Fig. 2 Fluorescence titration spectra produced by gradually adding KCl at
concentrations from 0 to 400 mM to a solution of TAC-Rh (10 uM) in
HEPES/HCL buffer (pH 7.4, 5.0 mM)/CTAB (0.5 mM) and exciting the
solutions with light of a wavelength of 600 nm (a). Plot of the fluorescence
intensity of TAC-Rh at 720 nm versus K* concentration. The inset shows
the relationship between the fluorescence intensity and K* concentration
at concentrations between 16 and 400 mM and a fit of a line to these data
(R? = 0.9924) (b). Fluorescence intensities at 720 nm of various solutions of
TAC-Rh (10 pM) containing different metal cations in HEPES buffer (pH 7.4,
5.0 mM)/CTAB (0.5 mM) (c). Fluorescence intensities at 720 nm of various
solutions of the TAC-Rh—K* (200 mM) complex containing other metal
cations. The ions were from CuCl, (50 puM), CaCl, (2 mM), MgCl, (2 mM),
MnCl; (50 pM), FeCls (50 pM), FeCl, (50 pM), ZnCl; (2 mM), NaCl (15 mM),
and KCl (200 mM), i.e., all of them at their respective intracellular physio-
logical concentrations (d).
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Zn*" (2 mM), Na' (15 mM), and K' (150 mM). The results
indicated that TAC-Rh showed little response to any of the
other intracellular cations (Fig. 2c), and it responded to K"
without interference in the presence of any of the above cations
(Fig. 2d). The fluorescence intensities of TAC-Rh and TAC-Rh-
K" were also insensitive to pH over the range pH 5.0-9.0 (Fig. S4,
ESIT). Notably, a remarkable fluorescence turn-on response was
observed almost immediately after adding of K, revealing the
rapid response of TAC-Rh to K" (to50, = 0.92 s) (Fig. S5, ESIT).

Based on the above satisfactory photophysical properties of
TAC-Rh in sensing K, it was further applied to track potassium
fluxes in live cells (HeLa cells, MCF7 cells, and MDA-MB-231
cells) by recording fluorescence intensities in real time. The
cytotoxicity of TAC-Rh towards HeLa, MCF7 and MDA-MB-231
cells was first assessed by performing the 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (thiazolyl blue
tetrazolium bromide, MTT)-based colorimetric assay. After being
incubated with TAC-Rh at a concentration of 3 uM for 2 h, the
viability of each of the three cell lines was over 95% (Fig. S8,
ESIt), suggesting that TAC-Rh had no marked cytotoxicity toward
the three cell lines under these experimental conditions.

The ability of TAC-Rh to target mitochondria was then
assessed by evaluating the colocalization of TAC-Rh using
MitoTracker Green (MTG, a commercial mitochondrial marker).
The results showed that TAC-Rh mainly localized in mitochondria
with a Mander’s overlap co-efficiency of 0.94 (Fig. 3).

After the demonstration of the specific colocalization of
TAC-Rh in mitochondria, TAC-Rh was used to monitor mito-
chondrial K' fluxes. Three kinds of cells (HeLa, MCF7 and
MDA-MB-231 cells) internalized with TAC-Rh (3 uM) for 30 min
were treated with ionomycin or nigericin, which can effectively
induce K" efflux. The intensity of the fluorescence of TAC-Rh in
the single ionomycin or nigericin groups significantly decreased
within 2 min, as did the rate of efflux of mitochondrial K"
(Fig. S12-519, ESIt). While as a control, fluorescence signals in
all three of these cells without any treatment showed relatively
small decreases in 10 min (Fig. S9-S11, ESIt). Furthermore,
mitochondrial K* effluxes could be obviously delayed by treating
the cells with ionomycin/nigericin in an extracellular environ-
ment having a high concentration of K', which was supposed to
have an inhibitory effect on potassium ion efflux owing to the
decreased [K'] gradient between the insides and outsides of the

20 pm
A
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Fig. 3 Confocal fluorescence microscope images of Hela cells co-stained
with MitoTracker Green FM and TAC-Rh (3 uM). Red emission from TAC-Rh
(a). Green emission from MitoTracker Green FM (b). Overlay of MitoTracker
Green and TAC-Rh (c). Excitation filter: 638 nm for TAC-Rh, 488 nm for
Mito-Tracker Green. Emission: 650-750 nm for TAC-Rh, 500-550 nm for
Mito-Tracker Green.
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mitochondria. Delayed mitochondrial K" efflux was observed in
the ionomycin- or nigericin-treated groups when the cells in
culture medium containing high concentrations of K compared
those containing a normal concentration of K' (Fig. $12-519,
ESIt). The above phenomenon indicated that TAC-Rh can
respond in real time to mitochondrial K" levels via fluorescence
intensity changes.

D’Mello et al. pointed out that the depletion of potassium
ions induced by ionomycin in cells could lead to cell shrinkage,
activation of caspases, and DNA breakage, and finally cell
apoptosis.”® In this work, besides the observation of ionomycin-
induced mitochondrial K" efflux by the designed sensor TAC-Rh,
annexin V/FITC-PI staining was simultaneously performed to
in situ monitor the apoptosis process. The results showed that
along with the markedly decreased fluorescence intensity of TAC-
Rh within 10 min of treatment with ionomycin (Fig. 4a and c), the
fluorescence signal of annexin V/FITC indicating early-stage apop-
tosis gradually strengthened. And the typical characteristics of cell
apoptosis including cell shrinkage and membrane blebbing were
observed in the bright field, but the positive PI signals indicating
late-stage apoptosis or dead cells did not appear until ~30 min
of treatment with ionomycin. The results indicated that mito-
chondrial K" efflux and early-stage apoptosis occurred almost
simultaneously in the presence of ionomycin. In contrast, cells
in control groups without drug stimulation only showed a small
decrease in fluorescence intensity within 30 min, and no significant
morphological changes were observed (Fig. 4a and b). According to
these results, we can infer that a potential correlation may exist
between mitochondrial K* efflux and early-stage apoptosis.

Furthermore, while a reactive oxygen species (ROS)-induced
apoptosis has been indicated to trigger a large amount of
potassium ions flowing out of the cytoplasm,*' levels of K* in
mitochondria during apoptosis have remained undetermined
in real time owing to the lack of organelle-specific K" sensors.
Since TAC-Rh was determined to be an excellent mitochondria-
targeting fluorescent K' sensor, we further applied it to real-
time monitoring of mitochondrial K* changes in the H,0,-induced
apoptotic model. The results showed that compared with the
control group (without H,0,), the cells of the H,O,-treated group
were shriveled and the green fluorescence of FITC generally
increased; meanwhile, the intensity of the overall red fluorescence
of TAC-Rh declined gradually, indicating the ability of the
apoptosis induced by H,O, to trigger mitochondrial potassium
ion efflux (Fig. S20, ESI{). This was the first time that mito-
chondrial K has been imaged in real time during the process
of apoptosis.

As a high concentration of extracellular K* can reduce apoptosis
and prolong survival of some cells by decreasing the [K'] gradient
between the inside and outside of cells,** achieving a delayed
apoptosis by increasing the concentration of extracellular K
was further carried out. As can be seen in Fig. S21 (ESIT),
in contrast to the noticeable weakening of the fluorescence of
TAC-Rh and the obvious strengthening of FITC signals in the
normal culture medium within 8 min of ionomycin stimulation,
negligible small changes were observed in the red fluorescence
of TAC-Rh and the green fluorescence of FITC as well as in the
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Fig. 4 Time-dependent confocal fluorescence microscopy images of
Hela cells stimulated without and with ionomycin (20 mM) into culture
medium stained with annexin V/FITC, propidium lodide and TAC-Rh (a).
Average fluorescence intensity ratio (i.e., F/Fo) values of TAC-Rh without
ionomycin (b) and with ionomycin (c) as measured using Image J, with Fg
denoting the average fluorescence intensity at t = 0 min, and F the average
fluorescence intensity at a given time point. Excitation filter: 488 nm for
annexin V/FITC, 552 nm for P, 638 nm for TAC-Rh; emission: 493-540 nm
for annexin V/FITC, 600-650 nm for PI, 650-750 nm for TAC-Rh.

cell morphology in medium containing 80 mM KCl. These
phenomena demonstrated that high concentrations of extra-
cellular K could simultaneously inhibit the outflow of K™ from
mitochondria as well as early-stage apoptosis.

In summary, we have developed the first mitochondria-targeting
NIR fluorescence K sensor (TAC-Rh) by integrating a NIR rhod-
amine analog with the K'-binding group TAC. The fluorescence
intensity of TAC-Rh showed an excellent [K']-dependent response
and a linear relationship with log[K'] in the [K'] range 16-400 mM,
features suitable for detecting changes in mitochondria K* concen-
tration. The large Stokes shift and NIR emission of TAC-Rh mini-
mized the photo-bleaching, light-induced injury, and interference
by hemoglobin oxygenation and the cellular fluorescence back-
ground. Due to these excellent performance measures, TAC-Rh
was found to be an excellent material to explore mutual regulation
between mitochondrial K" flux and apoptosis. This study indicated
that (1) HeLa cells treated with ionomycin could result in
excessive mitochondrial K efflux accompanied by apoptosis,
(2) H,0,-induced apoptosis would trigger a large amount of K
flux out of mitochondria, and (3) ionomycin-induced mitochondrial
K" efflux and apoptosis could be inhibited by increasing the K
concentration in culture medium. Therefore, TAC-Rh was shown to
offer a novel strategy to understand mitochondrial K" changes
during apoptosis, and further investigations using TAC-Rh would
help researchers derive more information about apoptosis.
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