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Abstract

Hypochlorite (‘OCI) has long been recognized as an effective microbicidal agent in
immune system. Herein, we report the design, preparation and spectral characteristics
of a “OCl fluorescent probe (FI-Mito). The probe exhibited remarkable fluorescence
turn-on signal in the red region upon “OCl titration with the detection limit as low as
0.9 nM. FI-Mito displayed specific response for “OCl in completely aqueous solution.
Meanwhile, the introduction of quaternized pyridine realized mitochondria-targeting
ability. FI-Mito was further applied to monitor the generation of endogenous -OCl in
the mitochondria of macrophage cells and mice. Therefore, it was established that

FI-Mito may serve as a useful molecular tool for -OCl detection in vivo.
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1. Introduction

Hypochlorous acid (HOCI), a kind of important reactive oxygen species (ROS), is
generated from H,O, and Cl- catalyzed by enzyme myeloperoxidase (MPO) in
phagosomes [1,2]. At physiological pH, a part of HOCI could dissociate to
hypochlorite (“OCI), which is a household bleaching agent and disinfectant of
drinking water [3]. On the other hand, -OCIl governs numerous critical biological
processes. Despite this, the excessive production of “OCI may have detrimental effects
on host tissues, thus leading to many disorders such as cardiovascular diseases,
neurodegeneration and cancer [4-6]. In this regard, it is worth searching for
appropriate tools to detect the real-time level of -OCI quantitatively.

Fluorescence probe has attracted significant interest in the field of -OCI detection
due to its high sensitivity and selectivity, unparalleled resolution, easy operation and

capability of real-time sensing. Nowadays, many selective fluorescent probes for -OCl
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have been reported [7-14]. However, the emission peak was mainly located in
ultraviolet or visible region (300-650 nm), which may inevitably restrict the
application in living systems. To our delight, fluorescent probes emitting in the far-red
to near-infrared range (600-900 nm) showed deep tissue penetration ability and weak
auto fluorescence interference [15-17].

Much evidence indicated that mitochondrion was the main source of ROS [18].
So great efforts have been made towards the development of -OCl sensors especially
applied in mitochondria. Particularly, the probe with accurate mitochondria-targeting
ability could act as a useful tool to elucidate the subcellular distribution of -OCI
[19-21]. Yet, “OCI probes with far-red to near-infrared emission that could target
mitochondria are still in great demand [22].

Enlightened by the above considerations, we developed a turn-on fluorescent
probe (FI-Mito) for the specific detection of -OCI. Compared with the prior probes
reported in the literature, FI-Mito showed distinctive advantages: first, the probe
possessed longer emission (in the range of 600-700 nm), which was in the far-red to
near-infrared range [23,24]; secondly, the addition of -OCI to the solution of FI-Mito
led to greatly enhanced fluorescence (about 27-fold increase), demonstrating its high
sensitivity (detection limit: 0.9 nM) [25]; last but not least, FI-Mito was water-soluble
(no organic solvent was used in the test conditions), superior to other probes which
needed a content of organic solvent for sample analysis in vitro [26,27]. Also, the
presence of the quaternized pyridine group enabled its mitochondria-targeting ability
[28]. In addition, FI-Mito was successfully applied in fluorescence imaging of

endogenously produced "OCl in living cells as well as in mice.

2. Experimental

2.1 Materials and instrumentation
NMR spectra were collected on a Bruker Avance spectrometer, using de-DMSO
as a solvent and resonances (d) were given in ppm relative to tetramethylsilane

(TMS). Coupling constants (J values) were reported in hertz. UV-Vis and
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fluorescence spectra were obtained on the Hitachi U-4100 spectrophotometer and
Perkin-Elmer LS-55 luminescence spectrophotometer, respectively. High-resolution
mass spectroscopy (HR-MS) was performed on the Q-TOF6510 spectrograph
(Agilent).

ROS and reactive nitrogen species (RNS) solution was prepared according to the
previous report [29]. Unless otherwise noted, chemical reagents were purchased from
merchants and used without further purification. Ultrapure water (over 18 MQ-cm)
was produced from a Milli-Q reference system (Millipore) and then used throughout

all experiments.

2.2 UV-Vis and fluorescence spectroscopy studies

For the preparation of tested samples, probe FI-Mito was dissolved in PBS to
afford the tested samples. Then the tested mixture was transferred to a quartz cuvette
with 1-cm path length to measure absorbance against the corresponding reagent blank

or fluorescence spectra with excitation wavelength of 580 nm.

2.3 Synthesis of probe FI-Mito

FI-Mito

Scheme 1 Synthesis route of probe FI-Mito.

The synthetic route of FI-Mito was shown in Scheme 1, in which compounds 1
was prepared by the literatures [30,31]. The solution of compound 1 (0.8 mmol) in 6
mL dry pyridine was stirred for 30 min at room temperature and then bromoacetyl

bromide (0.96 mmol) was added. The mixture was stirred for 12 h under N,
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atmosphere. And then the mixture was poured into 100 mL ethyl acetate and 100 mL
saline. The organic layer was washed for three times with saline water (100 mL),
dried over anhydrous Na,SO, and filtered. The solvent was concentrated under
reduced pressure, and the residue was purified by column chromatography on silica
gel using dichloromethane/methanol (80/1, v/v) as eluent to afford a green solid
FI-Mito in 24.7% yield. '"H NMR (400 MHz, DMSO-dy), J (ppm): 10.53 (s, 1H), 8.81
(d, J=5.7 Hz, 2H), 8.58 (t,J = 7.7 Hz, 1H), 8.07 (t, J = 6.7 Hz, 2H), 7.79 (d, /= 7.1
Hz, 1H), 7.61-7.51 (m, 3H), 7.16 (d, J= 7.5 Hz, 1H), 6.73-6.48 (m, 1H), 6.43 (s, 2H),
6.33 (d, J = 8.8 Hz, 2H), 5.47 (s, 2H), 3.36 (d, J = 6.5 Hz, 8H), 2.48-2.36 (m, 2H),
2.13-1.70 (m, 1H), 1.56-1.47 (m, 1H), 1.10 (t, J= 6.0 Hz, 12H). 13C NMR (100 MHz,
DMSO-dy), 6 (ppm): 165.09, 163.45, 153.18, 149.67, 148.59, 148.09, 147.31, 146.54,
146.14, 138.57, 133.46, 129.12, 128.01, 124.03, 123.49, 122.99, 116.91, 110.77,
109.01, 108.69, 99.39, 97.67, 67.07, 61.21, 44.10, 28.47, 21.73, 12.97. HRMS m/z:
calcd for C30H4oNsO5* [M]*: 628.3288; found: 628.3294.

2.4 Cell culture and imaging

RAW264.7 cells (Cell Bank of the Chinese Academy of Sciences, China) were
cultured in DMEM supplemented with 10% FBS in the humidified atmosphere of
95% air and 5% CO, at 37 °C.

For the fluorescence imaging of endogenous “OCl with FI-Mito, RAW264.7 cells
were incubated with lipopolysaccharide (LPS, 1 pg/mL) for 6 h, and further incubated
with phorbol 12-myristate 13-acetate (PMA, 1 pg/mL) for 30 min, and then 1 uM
FI-Mito for 30 min. The cells were washed with PBS (pH 7.4) for three times, and
then fluorescence imaging of cells was performed on a Leica SP8 confocal laser
scanning microscope with excitation at 561 nm through a 20 x 0.7 NA objective; the

corresponding fluorescence emissions were collected at 645-700 nm.

2.5 In vivo imaging of “OCl in the mouse model
All animal procedures were performed in accordance with the guidelines of the

Institutional Animal Care and Use Committee. 6-8 week-old female Kunming mouse
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was selected as the mouse model. In the mouse model experiment, FI-Mito was first
dissolved in DMSO to afford the stock solution (5 mM). Then the concentration of
FI-Mito was diluted to 50 uM by adding 990 uL of saline into 10 pL of stock
solution. The experimental leg (right) and control leg (left) was given an injection of
LPS (5 pg/mL, 50 pL) and saline (50 pL), respectively. After 12 h, 50 pL of FI-Mito
(50 uM in saline, containing 1% DMSQO) was injected into the same area in both of
the legs. Then the mice were anesthetized and imaged by the in-vivo imaging system
(In-Vivo Master, Wuhan Grandimaging Technology Co., LTD). 635 nm continuous
wavelength laser was employed as the light source, and the signal was collected using

a 67630 nm bandpass filter.

3. Results and discussion

3.1 Design and synthesis of FI-Mito

Rhodamine is a desirable platform in the design of fluorescence probes because
of its preeminent photophysical properties, including high quantum yield and high
molar extinction coefficient [32]. Moreover, the introduction of quaternized pyridine
group has provided a useful tool for the mitochondrial -OCl detection. Target probe
FI-Mito was synthesized facilely (Scheme 1) and fully characterized by '"H NMR, 13C
NMR and HRMS (Fig. S1-S3, ESI¥).

3.2 Spectroscopic response of FI-Mito to ~-OCI
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Figure 1 Absorption spectral changes of FI-Mito (10 uM) along with the titration of

‘OCl in PBS buffer solution (pH = 8).

It was worth noting that the probe’s excellent water solubility avoided the
co-existence of organic solvent, which was crucial for -OCI detection in biological
specimens. Because organic solvent may destroy the normal function of biomolecules.
The absorption and emission spectra of probe FI-Mito were investigated in 100%
aqueous solution. As displayed in Fig. 1, absorption spectra of FI-Mito with
increasing dose of “OCl indicated a gradual increase of the absorption peak at 603 nm.
The changes should be due to the interaction of FI-Mito and -OCl. Rhodamine group
existed in the ring-closed spirolactam structure in the absence of -OCI. However, the
addition of -OCl led to the ring-opening of rhodamine. Many literature reports about
‘OCl fluorescent probes were based on the proposed mechanism outlined in Scheme 2

[33-35].
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Scheme 2 Sensing mechanism of FI-Mito to “OCL.
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Figure 2 (a) Fluorescence emission spectra and (b) fluorescence intensity (Ig37) of
FI-Mito (1 pM) along with the addition of -OCl in PBS buffer solution (pH = 8). The

fluorescent spectra were obtained with Aex = 580 nm.

Next, the fluorescent titration spectra of FI-Mito toward -OCl were investigated
(Fig. 2). As expected, the free probe almost exhibited no fluorescence in the emission
window of 600-700 nm. Upon treatment with -OCl, probe FI-Mito displayed the
featured emission peak of rhodamine locating at 637 nm (Fig. 2a). Furthermore, we
analyzed the dependence of fluorescence intensity (Ig37) on the dose of -OCl. As
shown in Fig. 2b, Ig;; had a dramatic increase from 14 to 399, up to 27-fold
enhancement. A linear relationship existed between Ig37 signal and -OCl concentration
from 0 to 1 uM. Also, the detection limit was determined to be 0.9 nM. The data
established that FI-Mito possessed outstanding sensitivity toward -OCl, which was
potential for fluorescence imaging in certain biological environments.

In order to verify the sensing mechanism of FI-Mito for -OCI, the mixture

solution of FI-Mito and -OCl was analyzed by HRMS (Fig. S4, ESIY). Fig. S4
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showed a peak at m/z = 495.2634, which was assigned to the product FI-Mito-HOCI

(Scheme 2). Therefore, the HRMS spectra further confirmed the proposed

mechanism.
400 +
350
- J
=
S 300-
- ]
=
w250
=
Q -
=
£ 2004
-] -
[
g 150
L]
2 ]
z
5 100-
= ]
= 50

0 5 10 15 20 25 30 35 40

Figure 3 Fluorescence intensity at 637 nm of FI-Mito (1 uM) in the presence of
various biological species in PBS buffer solution (pH = 8). 0: blank, 1: AlCl;, 2:
CH;COONa, 3: KBr, 4: CaCl,, 5: CoCl,*6H,0, 6: Na,COs3, 7: CrCl;*6H,0, 8: CuCl,,
9: KF, 10: NaHCOs;, 11: HgCl,, 12: Na,HPO,, 13: NaHS, 14: KI, 15: KCl, 16: LiF,
17: MgCl,, 18: MnCl,+4H,0, 19: NaNO;, 20: Ni(NOj),*6H,0, 21: NaNO,, 22:
KNOs;, 23: PbCl,, 24: Na,S,05°5H,0, 25: Na,SOy, 26: SrCl,*6H,0, 27: Alanine, 28:
Asparagine, 29: Aspartic acid, 30: Glucose, 31: Homocysteine, 32: Nitric oxide, 33:
Peroxynitrite, 34: Hydrogen peroxide, 35: Hydroxyl radical, 36: Singlet oxygen, 37:
Superoxide radical anion, 38: TBHP, 39: -BuO radical, 40: Sodium hypochlorite.
Concentration: 50 uM for (1)-(26), 50 uM for (27)-(31), 10 uM for (32)-(39), and 1
puM for (40). Aex = 580 nm.

To further gain some insight into FI-Mito’s selectivity, the fluorescence intensity
(Ie37) of FI-Mito was measured after addition of different biological species. As

outlined in Fig. 3, when compared with -OCl, no apparent changes of Ils;; were
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observed when other species were added. The tested relevant species (including ions,
amino acids, ROS/RNS) even reaching up to high concentrations did not cause
remarkable intensity increase. It could be concluded that FI-Mito exhibited desirable

selectivity for “OCl even in complex intracellular environment.
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Figure 4 (a) Fluorescence intensity at 637 nm of FI-Mitoe versus pH in the absence
(o) or presence (m) of “OCl in 100% PBS buffer solution (pH 4-10). (b)
Time-dependent fluorescence intensity at 637 nm of FI-Mito after addition of -OCl in
100% PBS buffer solution (pH = 8). Conditions: [FI-Mito] = 1 uM, [[OCl] = 1 uM,
Aex = 580 nm.

Subsequently, we inspected the pH effect on FI-Mito’s response to “OCl (Fig.
4a). As a result, the probe alone did not emit fluorescence in alkaline pH conditions.
The addition of -OCI led to a significant enhancement of fluorescence intensity (Ig37),
especially in the weakly basic and neutral conditions. In view of the mitochondrial
weakly basic pH [36], we believed that FI-Mito may provide a great platform well
suited for the selective visualization of “OCI in mitochondria.

The time course of FI-Mito was also evaluated since the response time was a
critical indicator of a fluorescence probe. As shown in Fig. 4b, FI-Mito notably
responded to “OCl within 10 s and the fluorescence signal intensity almost remained
constant up to 100 s. These results confirmed that probe FI-Mito was able to detect
-‘OCl rapidly with brilliant stability. Taken all together, the satisfying results from the

in vitro experiments manifested that FI-Mito may act as a powerful tool for
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hypochlorite detection in vivo.

3.3 Cell imaging of probe FI-Mito
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Figure 5 (a)-(f): Confocal fluorescence images of endogenously produced -OCI in
RAW264.7 cells with FI-Mito. First column (control): cells were treated only with
FI-Mito (1 pM). Second column: cells were treated with incubation of LPS (1
pg/mL) for 6 h and PMA (1 pg/mL) for 30 min, and a subsequent incubation of
FI-Mito (1 puM) for 30 min. Third column: cells pretreated with LPS (1 pg/mL) and
PMA (1 pg/mL) were incubated with NAC (1 mM) for 1 h, and then with FI-Mito (1
uM) for 30 min. (g): Fluorescence intensity quantitation was analyzed by the Image J.
The results were presented as mean + SE with replicates n = 3. The fluorescence
intensity from image (b) was defined as 1.0, ** p < 0.01, *** p <0.001, as compared
with the control. Statistical analyses were performed using the Student’s #-test. Images
were taken using an excitation laser of 561 nm and the corresponding fluorescence

emissions were collected at 645-700 nm.

Since our probe FI-Mito displayed favorable optical characteristics for -OCI
detection in vitro (fast response, outstanding sensitivity and selectivity), experiments
were carried out to estimate the ability to detect endogenous -OCI in cells. In
numerous studies it was proposed that the synergistic effect of lipopolysaccharide
(LPS) and phorbol 12-myristate 13-acetate (PMA) could generate endogenous “OCl in
macrophages [37]. RAW264.7 cells were stimulated with 1 pg/mL LPS for 6 h, and

11



further incubated with 1 pg/mL PMA for 30 min, and then cells were incubated with
FI-Mito (1 puM) for 30 min. After being washed with PBS for three times, the cells
were imaged by the Leica SP8 confocal laser scanning microscope with a 20 x 0.7
NA objective lens. As outlined in Fig. 5d, bright rhodamine fluorescence was
obviously noticed. By contrast, in the control group, cells were only incubated with
FI-Mito in the absence of LPS and PMA. The red fluorescence of rhodamine was
quite weak (Fig. 5b). Moreover, we performed an experiment using N-acetylcysteine
(NAC), which was a commonly used scavenger of -OCl [13]. The cells were
pre-incubated in a sequence with LPS, PMA and further incubated with NAC (1 mM)
for 1 h, then cells were incubated with FI-Mito for 30 min. Fig. 5f indicated that the
fluorescence enhancement could be largely inhibited by NAC. The phenomena
suggested that FI-Mito specifically reacted with -OCI in RAW264.7 cells. The probe

was capable of detecting endogenously induced -OCl in macrophages.

Red Green

Bright

Merge

Figure 6 Fluorescence images of RAW264.7 cells co-stained with FI-Mito and Mito
Tracker Deep Red. RAW264.7 cells were pretreated with LPS (1 pg/mL) for 6 h and
then with PMA (1 pg/mL) for 30 min, followed by incubation with FI-Mito (1 pM)
for 30 min. Then, the cells were incubated with Mito Tracker Deep Red (0.2 uM) for
30 min. (a) Bright field image. (b) Fluorescence of FI-Mito (red). (c) Fluorescence of
Mito Tracker Deep Red (green). (d) Merge image of (b) and (c). (¢) The intensity

12



scatter plot of red and green channels. Co-localization coefficient: 0.983. Imaging
experiments were conducted on a Leica SP8 confocal laser scanning microscope with
excitations at either 561 nm (for FI-Mito) and 638 nm (for Mito Tracker Deep Red)
through a 20 x 0.7 NA objective; the corresponding fluorescence emissions were
collected at 645-700 nm (for FI-Mito), 650-720 nm (for Mito Tracker Deep Red),

respectively.

As previously reported in the literature, quaternized pyridine was a
mitochondria-targeting moiety, which could increase the distribution of probe in
mitochondria [18]. Inspired by this, we next performed the colocalization experiments
to evaluate the subcellular distribution of FI-Mito by utilizing Mito Tracker Deep
Red, a commercially available mitochondrial tracker (Fig. 6). Mito Tracker Deep Red
was purchased from Invitrogen Corporation. Firstly, RAW264.7 cells pretreated with
LPS (1 pg/mL) for 6 h and PMA (1 pg/mL) for 30 min were incubated with probe
FI-Mito for 30 min. Then, the cells were incubated with Mito Tracker Deep Red (0.2
uM) for 30 min. Fig. 6 revealed that the emission of FI-Mito (Fig. 6b) fitted well with
that of Mito Tracker Deep Red (Fig. 6¢) and the merged images appeared yellow (Fig.
6d). Additionally, the intensity scatter plot of the red channel and green channel
indicated a close correlation of the two emissions (Fig. 6e). The co-localization
coefficient was 0.983, highlighting the superior efficacy of FI-Mito in targeting
mitochondria.

Considering the molecular probe’s cytotoxicity was an important parameter for
bioanalytical applications, SRB assay was then performed by using probe FI-Mito.
Fig. S5 (ESIY) implied that about 95% of RAW264.7 cells still remained alive after
internalization of probe FI-Mito for 12 h. The data verified the excellent

biocompatibility of FI-Mito.

3.4 Fluorescence imaging of "OCl in living mice
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Figure 7 Representative fluorescence images of endogenous “OCl in Kunming mice.

Low

(a) No treatment of FI-Mito. (b-f) LPS (5 pg/mL, 50 pL) and saline (50 pL) was
injected into the right and left leg, respectively. 12 h later, 50 uL of FI-Mito (50 uM
in saline, containing 1% DMSO) was injected into the same area in both of the legs.
Images were recorded at different times: (b) 10 min; (c¢) 20 min; (d) 30 min; (e) 40
min; (f) 60 min. Images were taken using an excitation laser at 635 nm and a 676+30

nm bandpass filter.

Having studied the applicability of probe FI-Mito to detect -OCI in living
cells, we next tested its ability to image endogenously induced -OCI in
Kunming mouse. Firstly, the right leg of the mouse was given a skin-pop
injection of LPS (5 pg/mL, 50 puL). The left leg was given a skin-pop injection
of saline (50 pL) as control. After 12 hours, 50 puL of FI-Mito (50 uM in saline,
containing 1% DMSO) was injected into the same region in both of the legs.
And the images were obtained at different time points (Fig. 7). The bright
fluorescence of the LPS-stimulated right leg was obviously noticed and the
strongest signal was detected at 20 min. However, we hardly observed
fluorescence in the left leg, which did not undergo the pre-treatment of LPS.
The results indicated that FI-Mito may be used for the imaging of endogenous

“OCl in living mice.

Conclusion

In summary, we developed a selective and sensitive molecular probe for
hypochlorite. The probe responded to hypochlorite with linearity and the detection

limit was low (0.9 nM). Moreover, the probe was predominantly located in
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mitochondria owing to the existence of the quaternized pyridine. Also, we applied it
to visualize mitochondrial hypochlorite in both RAW264.7 cells and mice with
minimal cytotoxicity. The data showed that the probe may serve as a practical

indicator for hypochlorite in mitochondria with great biological significance.
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A mitochondria-targeting fluorescent probe (FI-Mito) for -OCl was developed
based on rhodamine dye. More importantly, FI-Mito was capable of detecting

endogenous “OCl both in RAW264.7 cells and living mouse.
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Highlights

A novel fluorescent probe for -OCI was developed based on rhodamine dye.

The probe could monitor “OCI_changes with outstanding_sensitivity, selectivity

and rapid response in the far-red to near-infrared region.

The probe could target mitochondria with little cytotoxicity.

The probe was successfully applied to image endogenous “OCI in RAW?264.7 cells

and living mice.
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