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Abstract: Mitochondrial hypochlorite (C1O-) plays important and often contradictory roles in maintaining the
redox balance of mitochondria. Abnormal CIO- levels can induce mitochondrial inactivation and further cause
cell apoptosis. Herein. we have developed an anthracene carboxyimide-based fluorescent probe mito-ACS for
imaging mitochondrial ClO- in living cells. This probe exhibits some distinctive features as excellent resistance
to photobleaching, high selectivity and sensitivity, as well as good water solubility. Mito-ACS showed a
noticeable fluorescence response toward ClOwith a fast response (within 6 s) and a low detection limit (23
nM). Moreover, the introduction of triphenylphosphonium makes the probe soluble in water and selectively
localizes to mitochondria. Furthermore, mito-ACS was successfully applied to image mitochondria ClIO- in
living cells with low toxicity. Remarkably. the less used fluorophore anthracene carboxyimide exhibiting
excellent photostability and desirable optical properties provides a promising application prospect in biological
systems.
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1. Introduction

Hypochlorite/hypochlorous acid (CIO/HOCI), one of the most important reactive oxygen
species (ROS), play vital roles in biological activities and daily life [1-3]. ClO- is commonly used as a
household bleach and a disinfectant [4]. More importantly, ClO- is linked to diverse physiological
and pathological functions, especially in the immune defense system [5-7]. But the abnormal
production of ClO- can also result in tissue damage and remodeling with profound implications for
many human diseases such as arthritis, cardiovascular disease, and even cancer [8-11]. The
mitochondria, as an “energy factory”, are considered the main source of ROS in cells including ClO-
[12,13]. It has been reported that abnormal ClO- can destroy the mitochondrial permeability transport
pores and apoptosis signal molecules, leading to a nonspecific increase in membrane permeability
and cell damage [14,15]. Therefore, exploring reliable methods for monitoring CIO- in mitochondria
is still in high demand.

The results of nearly a decade have amply demonstrated the advantages and practical
applications of fluorescent probes for the detection of reactive oxygen species [16-18]. Also, with the
development of fluorescence detection systems, fluorescence analysis is more likely to become the
first choice of commonly used detection. More importantly, the development of organelle-targeted
fluorescent probes made the precise monitoring of subcellular microenvironments come true [19-21].
To date, a large number of hypochlorite probes have been reported and applied in the biosystem.
Each probe indeed possessed its advantages and drawbacks [22-25]. The following points are
relevant to the ability of the probe to detect hypochlorite in living organisms and be used for
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biological imaging. A key issue is the sensitivity. Due to the and low concentration in living
organisms, the probe must respond rapidly to ClO- and have a low detection limit [26-28]. Another
fact is that the probes with good photostability are preferred in the bioimaging application, which
can minimize the impact of photobleaching and extend the optical monitoring [29,30]. However, to
our knowledge, there are few probes with both characteristics. Hence, developing probes with
substantial photostability, sensitivity, and selectivity for monitoring mitochondrial Cl1O- becomes our
target.

In this work, a new mitochondria-targeted fluorescent probe mito-ACS was rationally designed
through the integration of ClO- sensing thioether, mitochondria targeting triphenylphosphonium
cation, and recently developed fluorophore anthracene carboxamide as shown in Figure 1. The
construction of mito-ACS is on the following facts: first, 1,2-anthracenecarboximide derivatives,
similar but prior to 1,8 naphthalimide in many photoproperties including good photostability, visible
absorption and emission with a large Stokes shift, and high quantum yield [31-33]. Also, the
absorption and fluorescence spectra of anthracenecarboximide could be easily modulated by varying
the electron-donating capability of the substituent at the 6-position. Secondly, many studies,
including our previous work, have shown that thioethers have high reaction efficiency and selectivity
to hypochlorite [34,35]. The thioether with strong electron-donating ability can quench the emission
of mito-ACS through an effective (PET) process [36]. And the probe would recover its strong
fluorescence once the PET process is blocked by the ClO- oxidized product sulfoxide. In addition, the
introduction of acetylene can obtain a relatively longer analytical wavelength by extending the
conjugated length of the aromatic donor part. Third, triphenylphosphine, as a mitochondrial
targeting group, can also increase the water solubility of mito-ACS [21]. Based on the principles, mito-
ACS exhibits multiple advantages, such as excellent photostability (more than 80 min), large Stokes
shift (~ 100 nm), high sensitivity (detection limit of 23 nM), and fast response (within 6 S) toward CIO-
. Moreover, mito-ACS showed good solubility in water, which enables it to be successfully applied
to real-time detection of mitochondria ClO- in biological imaging.

mitochondria

Do+ . .
/'r 1B targetable s iBr

oo —=

mito-ACS mito-ACS

Figure 1. Design Strategy of mito-ACS for Sensing ClO~
2. Materials and Methods

2.1. Reagents and Instruments

Unless otherwise stated, all reagents used for reactions were purchased from commercial
suppliers and used without further purification. 'H NMR and *C NMR spectra were taken with
Bruker Ascend III 400 and Avance III 600 instruments at 298.6 K in CDCls and DMSO (ds). ESI-MS
data were acquired on Agilent Technologies 6230 TOF LC/MS with ESI source. UV measurements
were carried out on HITACHI U-3900 Spectrophotometer. Fluorescence measurements were carried
on Edinburgh FLS980 spectrophotometer, using 450W Xenon lamp. Absolute quantum yields were
measured using an integrating sphere detector from Edinburgh Instruments. The ultra-pure water
was obtained from Direct-Q5 purifier. HeLa Cells were purchased from Type Culture Collection of
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the Chinese Academy of Sciences, Shanghai, China. Fluorescence imaging was studied by a Leica SP
8 confocal laser scanning microscope.

2.2. Synthesis

The anthracene carboxyimide-based probe mito-ACS was synthesized in Scheme 1. Intermediate
1 and 1-Ethynyl-4-(methylthio)benzene were synthesized according to the reported procedures
[37,38]. Compund 2 was obtained through Suzuki cross-coupling reaction in 85 % yield, then, it was
converted to the bromide adduct 3 through Apple reaction in 82% yield. Finally, the desired product
mito-ACS was obtained by treating intermediate 3 with triphenylphosphine in 74% yield. The
detailed experimental procedures and characterization data are explained in the Supporting

Information.
- .
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Scheme 1. Synthetic route of mito-ACS.

2.3. Preparation of the Spectral Measurements

A stock solution of 1 mM mito-ACS in pure deionized water was freshly prepared. The
measured solutions of probe with CIO- were prepared by diluting 20 uL probe with PBS buffer
solution (10 mM, pH 5), and then appropriate volume of ClO-stock solution was added to ensure a
final volume of 2 mL. The resulting solutions were shaken well and measured after 5 minutes. The
same method was applied to the selectivity experiments. And the different pH solutions were
adjusted by adding minimum volumes of NaOH (0.2 M) or HCl (0.2 M) with fresh PBS (10 mM, pH
= 7.4). The fluorescence spectrums were collected with the excited wavelength of 480 nm and the slit
widths of 2.0 nm.

2.4. Cell Viability Assay

HelLa cells were incubated in Dulbeccos modified Eagles medium (DMEM) supplement with
10% (v/v) Fetal Fovine Serum (FBS, Gibco), 100 U/mL penicillin, and 100 ug/mL streptomycin at 37
°C with 5 % CO2 in appropriate humidity. Before MTT test, HeLa cells (105 cells/well) were dispersed
in a 96-well cell culture plate, and filled to 200 uL per well. 24 hours after incubation, the medium
was removed and the cells were supplemented with medium containing mito-ACS of different
concentrations (0, 5, 10, 15, 20 uM) and cultured for 24 hours. Cells incubated with no probe were
used as blank control. After removal of the medium, 100 uL MTT solutions 5 mg/ mL) was added to
each well away from light. After 4 hours, the MTT solutions were removed, and 200 uL of DMSO
was added to each well to fully dissolve the formed formazan crystals by a shaker. Finally, a
microplate reader was used to measure the absorbance at 490 nm.

2.5. Confocal Fluorescence Imaging

Confocal Fluorescence Imaging was collected on a Leica SP 8 confocal laser scanning
microscope. To investigate the response ability of mito-ACS to ClO-in vivo, Hela cells were divided
into 4 groups. The control group of Hela cells were treated with probe mito-ACS (5 uM) for 30
minutes. and a parallel group of Hela cells were pretreated with N-acetylcysteine (NAC, 500 uM) for
2 h and then treated with NaClO (30 uM). To detect the exogenous CIO:, the third group of Hela cells
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were treated with mito-ACS (5 uM) for 30 min, then treated with NaClO (30 uM) for another 30
minutes. To detect the endogenous ClO-, the fourth group of Hela cells were treated with
Lipopolysaccharide (LPS, 1 ug/mL) and phorbol 12-myristate 13-acetate (PMA, 1 ug/mL) for 12 h,
then treated with probe mito-ACS (5 uM) for 30 minutes. The cells were washed by PBS (pH 7.4) for
three times before imaging and fluorescence was collected in red channel (580-620 nm) with the
excitation wavelength at 488 nm. To determine the subcellular localization, mito-ACS (5 uM) and
mito-Tracker Green (200 nM) were co-incubated in cells for 30 min, then washed by PBS for three
times. The fluorescence was collected in green channel (Aex = 488 nm, Aem = 500-520 nm) and red
channel (Aex =488 nm, Aem = 600-620 nm).

3. Results

The spectroscopic properties of probe mito-ACS and its response to ClIO- were first investigated
in pure deionized water. The probe itself was nearly nonfluorescent (® = 0.06), and the absorbance
peak was located at 492 nm (& = 11250 M cm™, Figure 2a). Upon the addition of ClO- (3 equiv.), the
absorbance of oxidation product displayed blue-shifted relative to mito-ACS: 479 nm versus 492 nm,
and strong fluorescence emission at 575 nm appeared (Fig.51). The fluorescence quantum yield was
up to 0.28 in the presence of CIO-. This large change in emission intensity minimizes the role of the
initial probe with a large Stokes shift (96 nm) which allows clear separation of excitation and
emission. According to the experimental results and previously reported work, probe mito-ACS
exhibited weak fluorescence due to the electron donor ability of the thioether group. Upon the
addition of ClO, the thiother group was oxidized to form a sulfoxide group, which suppressed the
fluorescence quenching through a photo-induced electron transfer (PET) mechanism. To confirm this
conjecture, we checked the mixture of mito-ACS and ClO-by ESI-MS. As shown in Figure S2, the m/z
peak of the oxidation product of mito-ACS was found, the main peak of 742.20, which is in agreement
with the theoretical calculation values of [mito-ACSO]*: 742.2176. This result supports the formation
of the sensing product, sulfoxide from oxidation of the probes by ClO-. Next, given the probe’s initial
design, we evaluated the pH influence on mito-ACS. As shown in Fig.S3, the probe exhibited an
ignored fluorescence in a wide pH range of 3-10, indicating the thioether was insensitivity to the
environmental pH change, while the strong fluorescence from the oxidation product remain stable
in the pH of 3-9. Since the pH value of mitochondria is about 7.99, results indicate that mito-ACS
could function properly in physiological conditions, including the mitochondria [39].

Then, titration experiments were carried to explore mito-ACS’s response to various equivalents
of ClO- upon excitation at 480 nm (100% aqueous media). The fluorescence intensity increased
gradually with the concentration range of NaClO from 0 uM to 30 uM (Figure 2b). The fluorescence
intensity of mito-ACS at 575 nm showed an excellent linear relationship (R?=0.995) with CIO-
concentration (0-16 uM, Figure 2c), and the detection limit was calculated to be 23 nM (5/N=3), which
makes the probe feasible for quantitatively detect mitochondrial ClO- at trace levels [40]. Moreover,
the reaction kinetics of mito-ACS (10 uM) with CIO- (10 uM/20 uM) were also evaluated in pure
aqueous media (pH = 7.4). As shown in Figure 2d, upon the addition of ClO- to the probe solution,
the fluorescence intensity at 575 nm enhanced rapidly and reached maximum within 6 s.
Furthermore, the fluorescence signal of the oxidation product remains almost unchanged under
continuous irradiation by a 450 W xenon lamp (Figure S4). Both the fast response time and high
photostability are essential and suitable for the detection of ClO-in vivo since the short-lived CIO-
and the complex biological environment.
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Figure 2. (a) UV-vis absorption (10 uM) and (b) fluorescence spectra (10 uM) changes of mito-ACS
upon addition of increasing amount of NaOCI (0-30 uM), (c) fluorescence intensity at 575 nm of mito-
ACS versus concentrations of ClO-, (d) time-dependent fluorescence intensity changes of mito-ACS
(10 uM) upon addition of CIO- (10 uM/20 uM). (pure aqueous media, pH=7.4), Aexc =480 nm, slits =2/2
nm. Inset: (a) the color and (b) fluorescence images of mito-ACS in the absence/presence of ClO-.

The selectivity of the probe (10 uM) toward ClO- and other bio-related interfering species
including ROS/RNS (H202, *OH, Oz, 102, ROOe, NOe, TBHP, *O'Bu, metal ions (Ca?, Hg?, Mg?,
Cu?, Cut, Zn%, Fe’, Fe?*, Ag+ Al*), biothiols (Cys, Hcy, and GSH) was verified in the pure aqueous
media [41]. As shown in Figure 3a, only ClO-induced a strong fluorescence enhancement (>50 fold)
while other species led to negligible response. Notably, hydroxyl radical (¢OH, highly reactive
oxygen radical) and Hg? (highly reactive with sulfur atom) did not noticeably enhance the
fluorescence intensity of mito-ACS. In addition, the interference experiments were further studied
by adding CIO- (30 uM) to the probe in the presence of the competing species (100 uM), as shown in
Figure 3b, mito-ACS displayed similar results in the fluorescence enhancement even in the presence
of the interfering species. And lower fluorescence enhancements were observed in the presence of
Fe?* and biothios (Cys, Hcy, and GSH). This could attribute to their reducing properties reacting with
CIO;, thereby consuming ClO- to some extent, leading to the fluorescence intensity decrease.
Nevertheless, the CIO- still triggered obvious fluorescence enhancement (> 20 folds) compared to the
probe itself, respectively. The above results indicate that mito-ACS exhibits excellent selectivity to
ClOr in the presence of potential biological interferences, further confirming the potential of the probe
to detect C1O-in complex biological systems.
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Figure 3. (a) Fluorescence emission spectra of mito-ACS (10 uM) with CIO- (30 uM) and competing
analytes (100 uM). (b) Fluorescence spectra response of mito-ACS (10 zM) with various analytes (100
uM) in response to CIO- (30 uM). (1-20: H202, *OH, Oz, ROOe, NOe, TBHP, *OtBu, ONOO-, Ca?,
Mg?, Cu?, Fe%, Hcy, Cys, GSH, Hg?, Cu*, Fe*, Zn%, AI**. (pure aqueous media, pH = 7.4), Aexc = 480

nm, slits = 2/2 nm.

Based on the excellent response of mito-ACS to hypochlorous acid in vitro, we further explored
the capability of probes for mitochondrial ClO- imaging in living Hela cells. Before imaging, the
standard MTT assay was conducted to evaluate the biocompatibility of mito-ACS. As shown in
Figure S5, compared with the control group (cells without probe), the relative cell viability was up
to 95% after incubated with 20 uM mito-ACS for 24 h, suggesting the probe possesses negligible
cytotoxicity and good biocompatibility. In the next step, the mitochondria targeting ability was
investigated with the colocalization experiment by co-incubating mito-ACS (5 uM) and the Mito-
Tracker Green (200 nM, a commercial mitochondrial targeting dye). The green fluorescence from the
Mito-Tracker Green and red fluorescence from mito-ACS treated with 30 uM CIO- overlapped well
(Figure 4a—d). Moreover, a high Pearson’s coefficient of 0.952 has obtained from the intensity
correlation plots (Figure 4e) and the fluorescence intensity profile of regions of interest (ROI) across
HeLa cells in two channels also varied synchronously (Figure 4f). Colocalization experiments
showed that mito-ACS possessed good cell membrane permeability and accurate mitochondria-
targeting ability. These properties could be attributed to the introduction of triphenylphosphonium,
a function group that aggregated the probe in mitochondria and also increased the probe’s water
solubility.

Finally, cell imaging experiments were carried out to evaluate the response ability of moto-ACS
to ClO-in living Hela cells. LPS and phorbol 12-myristate 13-acetate PMA are the known stimulants
for cells to produce endogenous ClO while the NAC could remove the ROS including CIO-
[26,42].Four groups of experiments were set as the following: (1) incubation with probe (5 uM) for 30
minutes as control, (2) incubation with NAC (500 uM) for 2 h then probe (5 uM) for 30 minutes, (3)
incubation with probe (5 uM) for 30 minutes then NaClO (30 uM), (4) incubation with LPS and PMA
(1.0 mg mL") for 2 h then probe (5 uM). As shown in Figure 4, the controlled Hela cells displayed a
weak fluorescence (Figure 5a—c). Upon treatment with NAC, the fluorescence decreased significantly
(Figure 5d—f), indicating that a small concentration of CIO- exists in cells and the probe exhibited high
sensitivity to the variation of CIO- concentration. And as we expected, the fluorescence intensities
were greatly enhanced under the LPS, PMA, and NaClO stimulation (Figure 5g—i and Figure 5j-1).
Comparing the fluorescence intensities from the four groups (Figure 5m), we concluded that mito-
ACS could be stained in mitochondria accurately and was well-suited for monitoring exogenous and
endogenous ClO- inside living Hela cells.
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Figure 4. Confocal fluorescence images of living Hela cells incubated with mito-ACS(5 uM) and Mito-
Tracker Green for 30 min: (a) bright-field imaging; (b) fluorescence imaging of Mito-Tracker Green
(200 nM) in the green channel (Aexc = 488 nm, Aem = 500-520 nm); (c) fluorescence imaging of mito-ACS
in the red channel (Aexc = 488 nm, Aem = 600-620 nm); (d) merged imaging of b and ¢; (e) intensity
correlation of mito-ACS and Mito-Tracker Green (f) intensity distribution of the linear region of living
Hela cells co-stained with mito-ACS and Mito-Tracker Green. Scale bar: 10 ym.
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Figure 5. Confocal fluorescence images of living Hela cells incubated with (a-c) blank control, mito-
ACS (5 uM) for 30 min; (d-f) NAC (500 uM) for 2h, then mito-ACS (5 uM) for 30 min, (g-i) mito-ACS
(5 uM) for 30 min then NaClO (30 uM) for 30 min; (j-1) LPS and PMA (1.0 mg mL") for 2h then mito-
ACS (5 uM) for 30 min.respectively; (m) Normalized fluorescence intensity of cells in panels (b) to
(k). Aexe =488 nm, Aem =580- 620 nm, Scale bars are 20 ym.
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4. Conclusions

In summary, we have presented the design strategy, synthesis, and practical application of a
new probe, mito-ACS, for CIO- detection in pure aqueous media and living Hela cells. Mito-ACS
contains an anthracene carboxyimide core with red emission and a hypochlorite-triggered
fluorescence “off-on” switch-thioether that affords excellent sensitivity. Surprisingly, the
introduction of triphenylphosphonium makes the probe completely soluble in water and selectively
localizes to mitochondria. Spectrometric analysis showed mito-ACS possess desirable optical
properties in imaging ClO-, such as high selectivity, fast response, and large Stokes shift.
Furthermore, confocal fluorescence imaging revealed mito-ACS successfully achieved the
monitoring of exogenous and endogenous mitochondrial CIO- with low cytotoxicity. These features
make mito-ACS uniquely suited for exploring ClO- biology under a variety of physiological and
pathological contexts.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1: Fluorescence spectra of the probe mito-ACS (10 uM) with and without
excessive CIO- (30 uM) in pure aqueous media; Figure. S2: MS-ESI spectra of mito-ACS and the reaction mixture
of mito-ACS with NaOCI; Figure. S3: Time-dependent fluorescence intensity changes of mito-ACS (10 uM)
under the irradiation by a 450w lamp; Figure. S4: Fluorescence response of mito-ACS (10 uM) in the absence
and presence of NaOCI (30 uM) at different pH solutions; Figure. S5: Cell viability of HeLa cells treated with
different concentrations of mito-ACS (0, 5, 10, 15, 20 uM) for 24 h; Figure. S6: 'H NMR spectrum of 1 in CDCls;
Figure. S7: 3C NMR spectrum of 1 in CDCls; Figure. S8: 'H NMR spectrum of 2 in CDCls; Figure. S9: 3C NMR
spectrum of 2 in CDCls; Figure. S10: 'H NMR spectrum of 3 in CDCls; Figure. S11: 3C NMR spectrum of 3 in
CDCls; Figure. S12: 'H NMR spectrum of mito-ACS in CDCls; Figure. S13: 3C NMR spectrum of mito-ACS in
CDCl.
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