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Abstract

Intracellular reactive sulfur species and reactiexygen species play vital roles in
immunologic mechanism. As an emerging signal tralemSQG can be generated as the anti-oxidant,
while SQis also a potential oxidative stress-inducer inaoigm. Aiming to elucidate in-depth the
dichotomous role of SQunder oxidative stress, we designed a dual-regpfinerescent probe that
enabled the respective or successive detection@f &d CIO. The probe itself emits the red
fluorescence (625 nm) which can largely switch leeb(410 nm) and green fluorescence (500 nm)
respectively in response to $@nd CIO, allowing the highly selective and accurate ratnia
guantification for both S@and ClO in cells. Moreover the ultrafast (33< 60 seconds; ClOwithin
sec) and highly sensitive (detection limits: ,.S@5 nM; CIO: 12.5 nM) detection were achieved. With
the robust applicability, the developed probe wascessfully used to quantify $3@nd endogenous
ClO'in respectively the HelLa cells and the RAW 264.lIscas well as to visualize the dynamic of
SO,/CIO in zebrafish. The fluorescent imaging studies dog fcytometry analysis confirmed the
burst-and-depletion and meanwhile the oxidative-antibxidative effects of intracellular S@nder

the NaClO induced oxidative stress.
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1. Introduction

Reactive oxygen species (ROS) and reactive suffecies (RSS) play the vital role in living body.

These species are widely implicated in cell prodifon, cytoprotection and signal transduction[]L, 2

Oxidative stress, due to the overproduction of RD%e failure in intracellular defenses againstRO

will result in pathogenesis, such as cardiovascul@eases, neurological disorders and even

carcinogenesis[3-5]. While, as the natural defetseoxidative stress, organism has built up

immunologic mechanism with antioxidant agents thas generated with the aid of enzymes, such as

superoxide dismutase, catalase, glutathione peas&[@]. Therefore, the interrelation between

oxidative-stress with the antioxidant capacity fsgeeat significance to organism. As an emerging

signal transmitter, sulfur dioxide ($Ocan be produced via the oxidation of hydrogerfidwmilor

sulphur-containing amino acids, and the decompmositif sulfinylpyruvate[7], existing in organism

with the form of HS@. Increasing evidence suggests that fl@ys essential roles in regulating the

redox status as an antioxidant [8-10]. Therefof®,should be a non-negligible participant involved in

the redox homeostasis against ROS. However, thbefubio-function of S@in biological systems

still remain largely unknown. On the other handnaorious ROS hypochlorous acid (ClQis

produced from the myeloperoxidase (MPO)-catalyzeakction of hydrogen peroxide with chloride

ion[3, 11]. As the diffusible oxidant and chlorimeg agent, excessive amounts of Ctan cause the

elevated levels of intracellular chlorotyrosine idegs[12, 13] and hypochlorous acid-modified

proteins[14], which contributes to the neutrophithiced cell killing[15]. In the light of the respize

oxidative and anti-oxidative property of Clénd SQ, we hypothesize that the intracellular redox state

may have the closed correlation with B00". However, homeostasis of OIO in cell or in vivo



has not been reported to the best of our knowlebtgaddition, SQis not only the anti-oxidant but

also have the potential oxidative ability, thuswill act as both the signaling molecule and the

stress-inducer[16, 17]. Therefore, monitoring tihess-talk influence of SECIO™ to cells should be

very significant for understanding the dichotomaeaole of intracellular S@ Unfortunately, no report

yet describing the investigation of intracellulaD.%inder the NaClO induced oxidative stress can be

found by us.

Owing to their important biological functions, whirtk, it is necessary to explore in detail the

SO,/CIO in cells and in vivo. The main challenge to perfosoth a study lies in that it is almost

impossible to immediately separate ;2@d CIOfrom biological systems when performing the real

time intracellular or in vivo monitoring. In suchcase, a dual-response probe is much needed, leecaus

it can selectively report the two analytes. Moreptkee dual-response can avoid the interference of

photo-bleaching and spectral overlap, as well &s uheven probe loading and nonhomogeneous

distribution[18]. The other challenge lies in théblogical signaling molecules are always produced

the trace level. Therefore, this dual-response @sdould be highly sensitive and ultrafast, so that

follow the analytes in time. Another challenge lieghat, during the NaCIlO induced oxidative stress

the fall-and-rise of SPand CIlOin the dynamic equilibrium need to be selectivehyg aontinuously

monitored. Thus, the desired probe should also Haveability to respond to S@nd ClOsuccessively,

otherwise, some information about the combinedceftd SQ and CIO on cells would be missed.

Consequently, we need a dual-response (preferablyncious-response) probe that can selectively,

sensitively and rapidly report S@nd CIQin cells or in vivo. With these issues and plansind, we

conducted the literature research. Traditional wdth including chromatography[19],

electrochemistry[20], and ion chromatograph[21]hdyexen used to perform the in vitro study.



Obviously, these technologies are not suitabldgterreal-time analysis of S@ndogenous Cltn cell

and in vivo. In contrast, fluorescence imaging téghe with the aid of a probe possesses unique

advantage in terms of specific recognition, nonasation, real-time monitoring, less invasion,

convenient operation and analytical visualizatimaking this technique a more attractive alternative

the traditional technologies for biological monit@{22-27]. To date, many excellent probes havenbee

elaborated for the respective detection of, 8@ NaClO [28-30]. Unfortunately, no dual-response

fluorescent probe for SAIO detection was found by us, which highlighted thgngicance of

designing a sensitive and rapid continuous dugenese S@CIO™ probe and its application in cells

and in vivo.

Herein, we designed a novel dual-response fluomtsqeobe 2-(4-(1-methyl-phenanthro-

9,10-imidazole-2-yl)-benzylidene) malononitrile (naR) consisting of a

phenanthroimidazole-modified fluorophore and a maitotrile moiety, for detecting the S@nd CIO

in living cells and in vivo. MPIBA could report S@nd CIO with two reaction sites via the respective

mechanism of nucleophilic addition and oxidatioesuiting in the remarkable shift of fluorescent

emission from 625 nm, respectively to 410 nm an@ B6. These excellent properties provided the

dual-ratiometric quantifications for SGand NaClO, thereby ensuring the accurate calidomafor

biological analysis. With MPIBA, the ultrafast resse (S@ < 60 seconds; ClOwithin sec) and high

sensitivity (detection limits: S© 3.5 nM; CIO: 12.5 nM) were achieved. MPIBA was successfully

applied to quantify the SOand endogenous ClGn Hela cells, Raw 264.7 cells. Moreover, the

dynamics of S@and endogenous Clin zebrafish were visualized with MPIBA. Notabtiie probe

MPIBA can successively respond to Sénd CIO, which allowed a significant exploration on the

dichotomous role of SQunder the ClGnduced oxidative stress in HelLa cells.



2. Materialsand methods

2.1. Synthesis of probe MPIBA
2.1.1. 4-(1H-phenanthro[ 9,10-d] imidazol-2-yl)benzaldehyde (PIB).

To a solution of glacial acetic acid (25 mL) in BQ- round-bottom flask, 1,4-phthalaldehyde (600
mg, 4.5 mmol), 9,10-phenanthroquinone (310 mgmnfol) and ammonium acetate (2.15 g, 30 mmol)
were added. The mixture was heated to reflux fom®® and then cooled to room temperature. The
precipitate was collected by filtration, washed hwdcetate acid, and further purified by column
chromatography on silica gel using hexane/ethyiadedv/v = 3:1). The yellow solid PIB was obtained
(395.9 mg, 79.3%)'H NMR (DMSO-d6, 500MHz)3 (ppm): 10.141 (s,1H), 8.86 (d, J =8.5Hz, 2H),
8.62 (d, J = 4.5 Hz, 2H), 8.15 (q, J = 8.5Hz, 4HY9 (q, J = 7.5 Hz, 2H), 7.68 (d, J = 7.0 Hz, 2}1),
2.953 (s, N-H, 1H)™C NMR (DMSO-d6, 125MHz)$ (ppm): (193.42, 151.33, 130.75, 130.20, 127.91,
127.71, 126.97, 126.22, 125.98, 124.94, 124.10,382221.97.MS m/z calcd for,&,,N,O 322.37
[M+H] " found 322.8.

2.1.2. 4-(1-methyl-1H-phenanthro[ 9,10-d] imidazol-2-yl) benzal dehyde (MPIB)

To a solution of anhydrous acetonitrile (15 mL)ar60-mL round-bottom flask, compound PIB
(336 mg, 1.0 mmg] K,CO; (150 mg, 1.1 mmol) and then GHsolution of (1.5 mmol in 15mL
acetonitrile) were added dropwise in sequence wibrous stirring. The mixture was stirred at room
temperature for another 1 h, and filtrated to reen&»CO;. The obtained solution was reduced under
vacuum at 6@. The crude product was purified by column chromedphy on silica gel using
hexane/ethyl acetate (v/v 10:1) as eluent. A brygiiow solid of MPIB was obtained (280 mg, 80.5%).
'H NMR (DMSO-d;, 500 MHz),8 (ppm): 10.10 (s, 1H), 8.90 (d, J = 8.4 Hz, 1HRE3(d, J = 8.4 Hz,

1H), 8.63 (d, J = 7.6 Hz, 1H), 8.57 (d, J = 7.6 HH), 8.53 (d, J = 8.4 Hz, 2H), 8.14 (d, J = 8.4 Hz



2H), 7.77 (d, J = 6.5 Hz, 2H), 7.67 (d, J = 7.5 BH), 4.52 (s, 3H)**C NMR (DMSO-¢, 125 MHz),
d(ppm): 193.37, 151.22, 130.75, 130.19, 127.87, 627126.16, 125.92, 124.98, 124.14, 123.53,
122.35, 122.01. MSyz, calcd for GsH1gN,O 336.1 [M+HJ, found. 336.5.
2.1.3. Synthesis of probe MPIBA

To a solution of compound MPIB (176 mg, 0.5 mmal,1i0 mL of pyridine) in a 50-mL round
bottom flask, a solution of malononitrile (0.05 n.8 mmol, in 5 mL of pyridine) was rapidly added
with vigorous stirring. The mixture was heated aflux for 30 min, and then cooled to room
temperature. The precipitate solid was collectedillnation, and the crude product was purified by
silica column chromatography (hexane/ethyl acetaftg,5:1) to obtain the probe MPIBA (red solid,
158 mg, 78.3%) (Figure S’%H NMR (DMSO-d;, 500 MHz),8 (ppm): 9.0 (d, J = 8.5 Hz, 1H), 8.89 (d,
J = 8.5 Hz, 1H), 8.66 (d, J = 5.0 Hz, 1H), 8.62X&; 5.0 Hz, 1H), 8.59 (q, J = 10 Hz, 2H), 8.181(3),
7.79 (q, J = 14Hz, 2H), 7.74 (q, J = 11.5 Hz, ZHJ0 (q, J=15Hz,H) 7.44 (q, J=14Hz, H), 4.36 (s, 3H
N-CHs).2*C NMR (DMSO-@, 125 MHz),5 (ppm): 161.01, 150.98, 137.47, 131.24, , 130. 24,90,
127.72, 126.24,125.00, 122.36, 122.07, 113.74,33236.90. MS m/z calcd for fH1cN, 384.1,
[M+H]* found 384.8.
2.2. Céells culture and imaging

Hela cells and Raw 264.7 cells were obtained froem@ommittee on Type Culture Collection of
Chinese Academy of Sciences (Shanghai, China)wemd respectively incubated in DMEM medium
and 1640 medium supplemented with 10% Fetal BoBeeum (FBS, Invitrogen) at 37°C in a
humidified incubator containing 5% G@as. Before imaging, cells were placed at 25-Rithes and
allowed to adhere for 24 hours. Then, the cellssweashed with DMEM medium and 1640 medium,

and then incubated for 30 min at 37°C using MPIBAM), respectively. Next, living cells were,



respectively, incubated with NaHS@®, 7.5, 15, 22.5 and 3tM) and NacClO (0, 7.5, 15, 22.5 and 30
uM) (37 °C, 30 min, 5% Cg) to establish the linear calibration for quangfion.

To image the intracellular SOHelLa cells were incubated with probe MPIBAuKS) for 30
minutes and were then treated wibibenzyl-2,4-dini-trophenylsulfonamide (BTSA) (Supiiag
Information, Fig.S2) at 37°C for 60 min. To imadee tendogenous CIORaw 264.7 cells were
incubated with MPIBA (EM) for 30 min and were then incubated with LPSigtL™) and PMA
(1pgmL™Y) for 60 min at 37 °C. The tested cells were waslvigd DMEM medium or 1640 medium.
Fluorescence imaging was performed by a confoarlacanning microscope (Japan Olympus Co.,
Ltd) with an objective lens (x40).

2.3. Fluorescence imaging in zebrafish

In this study, zebrafishes were provided by Huahibdogical corporation (Hangzhou, China). All
animal experiments were performed in full complanwith international ethical guidelines.
Zebrafishes were incubated in E3 media (15 mM NaGmM KCI, 1 mM MgSQ@, 1 mM CaC}, 0.15
mM KH,PQ,;, 0.05 mM NaHPQ, and 0.7 mM NaHCg) pH 7.5) containing uM MPIBA probe at
28°C for 1h, and then, the residual probe was whdhe E3 media. To image the HS@ vivo,
zebrafish larvae (three-days) were put into a 50 Patri dish filled with E3 media containing BTSA
for 1~5 h. To image the endogenous Clgebrafish larvae (three-days) were put into arBd Petri
dish filled with E3 media containingg- mL*of LPS and PMA for 3~12 h. Fluorescence imaging was
subsequently carried out by a confocal laser sognniicroscope (Japan Olympus Co., Ltd) with an
objective lens (x10).

2.4. Cross-Talk experiment for SO,/CIO in HelLa cells

To explore the dichotomous roles of the intracal8Q, the cross-talk experiment of FOIO™ was



performed. HelLa cells were incubated in DMEM meditlvat contained oM of MPIBA for 30 min,
and then, the BTSA was added to generate the Bt@n, cells were further incubated by MPQQOk
and NacCl for another 1h. As a control experimeelisgretreated with probe were directly stimulated
by MPO, HO, and NaCl for 1h. The whole process was followed dopfocal laser scanning
microscope (Japan Olympus Co., Ltd) with an objeckens (x10) and the flow cytometry to report the

homeostasis of SECIO and the apoptosis rate.

3. Results and discussion

3.1. Design strategy for probe MPIBA

In our previous studies, phenanthroimidazole wasl s synthesize fluorescent probes for labeling,
exhibiting high fluorescence intensity and goodtpbtability[31]. In this work, to extend the emissi
wavelength, we designed a parent fluorophore,4€tihgt1H-phenanthro[9,10-d]-imidazol-2-yl)
benzaldehyde (MPIB) (Scheme 1), based on the pkmémidazole. To achieve the large Stokes
Shift, malononitrile was equipped to the fluorophore MPIB. The obtaingdbe MPIBA was
characterized by NMR and ESI-MS (Supporting Infotiorg Fig. S1). Experiences let us expect that
such a design strategy may endow many attractivarddges to the probe MPIBA [32-35]. First, an
extendedr-electronic conjugation system in MPIBA can enstire long emission and large Stokes
Shift (Ex= 440 nm, Em=625 nm); Second, the strdegteon-withdrawing group of malononitrile will
allow the double bond carbon atom more easily kttdhdoy nucleophile HSOthereby resulting in a
blockedr-conjugation system in the product DMPIA, which niegd to the large shift of fluorescence
emission; Third, the malononitrile-induced C=C baah be oxidized by CIQforming the aldehyde

group conjugated product MPIB, which will lead ke trelatively small shift of fluorescence emission;
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Fourth, there is the potential that DMPIA can bédimed by CIO to MPIB, which may enable the
successive detection of $@nd CIO. To justify the rationality of this design, the Monitoring and
'H NMR titration was performed (Scheme 1). When s&nghe SQ, the probe MPIBA was found to
be transformed to DMPIA, as evidenced by the dohisnduced dissociation MS spectra
[MPIBA+HSO; +H]" at vz 466.8 and [MPIBA+NaHSE at nvz 488.5 (Fig. S2-A). NMR titration of
MPIBA by NaHSQ showed two new peaks &t4.16 ppm (H2) and= 3.46 ppm (H1) (Scheme 1),
confirming the formation of DMPIA via the nucleofibiaddition reaction. When sensing the Cltbe
MS spectra [MPIBA+H] atnvz336.5 (Fig. S2-B) indicated that the probe MPIBAsweansformed to
MPIB which was further identified by the signal fluf alkene proton frond=8.14 ppm to 10.13 ppm
(Scheme 1). In addition, to investigate the reactb DMPIA with excess CIQ the successive NMR
titration was carried out. The disappearance dd gm (H1) and the occurrence of 10.13 ppm (H1) in
NMR spectrum (Scheme 1) indicate that the DMPIA banoxidized by ClOto the product MPIB.

Therefore, the probe MPIBA proves to be rationdigigned.

3.2. Optical response of MPIBA toward HSO3;™ and CIO
Initially, we investigated the sensing ability of AVBA(®=0.34) to HSQ in DMSO/PBS buffer

solution (50/50, v v, pH = 7.4, 20 mM) at ambient temperature. As doo¢ seen from the UV
absorption spectra (Fig. S3), the probe MPIBA eithiba strong peak at 427 nm. Upon addition of
HSG;, the remarkable blue shift in absorption was obe#i(363 nm) with a well-defined isosbestic
point (375 nm), implying the formation of one smbproduct. By plotting the absorption ratio
(AzedA427) Vversus the concentration of H§Oa good linear relationship was obtained. From the
fluorescence spectra in Fig. 1A, 1B, we observpdnwaddition of HS@, the emission peak at 625 nm
decreased and simultaneously the strong emissiak gte410 nm (indicating product DMRD=0.84)
rose up, which allowed the ratiometric quantifioatiof HSQ'(Fig. 1C). When sensing ClOthe
absorption spectra (Fig. S4) showed the decreaé27abm and simultaneously the increase at 373 nm
with an isosbestic point at 395 nm. Fluoresceneetsp (Fig. 1D) showed that with the increase of

NaClO, the product MPIB(®=0.64) presented the peak centered at 500 nm. Meanwthike,

fluorescence emission peak at 625 nm was graddaityeased. Thus, the fluorescence ratiometric
quantification for ClOwas also enabled. Moreover, we performed a fluerase titration of DMPIA
with NaClO to investigate whether the probe MPIBduld successively detect $@nd CIO. As
shown in Fig.1F, with the addition of ClQhe fluorescence emission of DMPIA (410 nm) dasesl

11



and meanwhile an emission peak at 500 nm (indigadi?1B) appeared and rose up. These findings
demonstrated that the probe MPIBA could be usatktect the CIOin the presence of the SO hese
excellent optical properties demonstrated thatpiftbe MPIBA was expected to produce the desired

optical response needed to monitor the &a CIO.

12



Fig.1. Optical properties
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To understand the working mechanism of MPIBA, tHeNtD (highest occupied molecular orbital)
and the LUMO (lowest un-occupied molecular orbital) MPIBA, DMPIA and MPIB were
respectively calculated with density functionalahe(DFT)[36-39](Scheme 1). As the result indicated
MPIBA showed the largest distribution sfelectrons in HOMO and the smallest energy gap &etw
HOMO and LUMO among the three fluorescent compoufidhsis, an intramolecular charge-transfer
(ICT) took place through the conjugated C=C doutdad on MPIBA molecule, allowing this probe to
release the red emission. In contrast, in DMPI&, weakened delocalization nfelectrons with high
LUMO was observed, resulting in the greatest enaggp, which accounted for the blue shift of
emission of MPIBA in response to §On MPIB, the relatively smallet-electrons and energy gap
were consistent with its green emission, which ghde attributed to the formation of the C=0 from

the oxidation of C=C by CIO
3.3. Optimization of sensing conditions

First, time-dependent response was investigateyl 5) and the fluorescence emission intensity at
625 nm was plotted as the reference. As time pssgat the probe MPIBA exhibited a steady
fluorescence signal level. Upon addition of HSCthe intensity signal was dramatically and
immediately decreased, reaching a plateau withirs @&ig S5, A). Similarly, a rapid response of
MPIBA to NaClO was obtained within sec (Fig S5, Bhese results indicated that the probe MPIBA
provided the ultrafast response to both the twoeta: Then, the pH-dependent fluorescence of MPIBA
to HSQ; and ClOwere respectively evaluated. As shown in Fig.Sé,dH 7.4 was beneficial to the
strong fluorescent ratiometric response. Thus,pttade should be suitable for biological samples. In
addition, temperature investigation (Fig.S7) showhbdt the satisfactory ratiometric responses of
MPIBA to HSO; and CIO could be obtained at the ambient temperature dirfuthe physiological

temperature (37C). Therefore, the biological application of theveleped probe can be expected.
3.4. SHectivity test

To evaluate the selectivity of MPIBA toward HS@nd CIO, various biologically relevant species
including anions (CJ Br, I, CH,COO, CIO,, SO, H,POy, HS, S0:%, SCN ), metal ions ( Ng K*,
Mg?, Fe”*, Cd*, Cd*, Ni**, HF", AI3*, Mn?*, Ag', CU*, and ZA" ), RSS (GSH, Cys, Hcy) and
ROS/RNS (HO,, OH, TBHP, TBO, KO,, ONOO, NGO,, NO;, and NO), were investigated.
Fluorescence intensity ratiog{dnle2snn) recorded in Fig. 2A~B showed that excessive mietas,

anions, and RSS, caused almost no interferencaetdHSQ. Fig. 2C~D showed that no obvious

14



interference from the metal ions, anions, ROS aR& Rvas observed when sensing the CEased on
these investigations, it could be concluded thatdbveloped MPIBA probe was able to selectively

report both HS@ and CIO.

Fig. 2. Selectivity experiments
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3.5. Calibration of SO,/CIO

Calibration of S@ and CIO were separately investigated. As can be seen figuril, the two linear
curves respectively for the quantification of Ckdd HSQ were established by the fluorescence ratios
larondl625nm @Nd boondl625nm With the correlation coefficient of 0.9921 and®®b61. Thus, the two
analytes in the complicated biological media canabeurately quantified with this dual ratiometric
probe MPIBA. Since the endogenous,2M0d ClO was rather low, a rapid and sensitive detectios wa
required. While, MPIBA provided the quite low ddiea limits for SQ (3.5 nM) and CIO(12.5 nM),
which were comparable to the most sensitive chdmpicdbes [40, 41]. Therefore, we thought, MPIBA
exhibited the potential to detect $é&nd ClOin cells or in vivo.

3.6. Penetration, photostability and cytotoxicity of MPIBA in living cells

The penetration and photostability of MPIBA in Heteall were evaluated. Dynamic fluorescence
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imaging (Figure S 10) indicated that MPIBA couldpidly bring about the strong fluorescence
ratiometric responses. These findings demonsttaedIPIBA quickly penetrated into the living cells
and releases the strong fluorescence in respomalimracellular S@and CIO. Then, the fluorescence
intensity remained almost unchanged for 20 mirpldigng the satisfactory photostability of MPIBA.
Therefore the stable signals could be ensured wiegforming the intracellular monitoring with
fluorescence image. Before the application, cyticiox of MPIBA to living cells was evaluated by
MTT assay (Supporting Information). Fig. S8 showtkdt more than 90% cells still remained alive
when 20uM MPIBA probe was added for 24 h, demonstrating Ithe toxicity of MPIBA to the
cultured cells under experimental conditions. THRMBIBA probe proved to be suitable for living cell
imaging.

3.7. Ratiometric quantification of SO, in living cells

In view of these satisfactory properties of MPIB#e set out to explore its intracellular ratiometric
quantification for the two analytes. The abilityMPIBA for quantifying HS@ was shown in Fig. 3A,
where the living HeLa cells were incubated with BRI(5 uM) at 37°C for 30 min in culture medium
consisting of various concentrations of HS@learly, the fluorescence intensity in red chararel
blue channel showed respectively the decreasingirmrdasing trends in response to the increased
level of HSQ. These results provided the capability of thisbgrdor ensuring the intracellular
ratiometric quantifications of HSO The pseudo colored images visualized the ratargation of
Ipiuedlred With the increasing HSO Then the determination of $@ living cells was carried out (Fig.
3B). The SQ@ donor, N-benzyl-2,4-dini-trophenylsulfonamide(BTSA)[42], svaised to stimulate the
SO, (HSGy) with the intracellular thiol compounds such ass @@upporting Information, Fig. S9). It
can be seen from Fig. 3B-a,b, upon addition of BT8BuM), the remarkable fluorescence decrease
in red channel and fluorescence increase in blaard were observed. Accordingly, their ratiometric
images were obtained, with which the ratios g#/1,.q were achieved. With the calibration curve (Fig.
1 C), the average content of Si@ the tested cells can be estimated. Taking actmunt of the slight
background of probe as well as the spontaneousigrgeed S@in cells, we estimated the increased
amount of S@ (stimulated by the donor BTSA) to be ~7.64 (standard deviation: SD=+0.2=11)
(Fig. 3C). These findings let us conclude that thimbe could be applied to the ratiometric
quantification of the S@in living cells. To justify this statement, thertast experiments were carried

out. The N-ethylmaleimide (NEM), an inhibitor foOgformation by trapping intracellular Cys, was
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added to the culture medium containing BTSA. Eviljefrom Fig 3B-c1, the strong fluorescence in
red channel and the negligible fluorescence in bhannel were detected, which should be attributed
to the inhibitive effect of NEM in Hela cells. Thesesults further confirmed the fact that probe

MPIBA was successfully used to the ratiometric dif@ation of the SQin living cells.

Fig. 3. Cells image for quantifying endogenous HSO3
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3.8. Ratiometric quantification of endogenous ClO in living cells

Elevated levels of ClOmay cause the oxidative damage to organisms. Tdrerethe rapid and
sensitive detection of endogenous Ci®significant. The fluorescence imaging of Ci®living Raw
264.7 cells using MPIBA probe was shown in Fig.With the addition of NaClO (Fig 4A), the
fluorescence intensity in red channel and blue obharshowed respectively the decreasing and
increasing trends in response to the increased &\€lO". These results indicated the ability of this
probe for the intracellular ratiometric quantificats of CIO. The pseudo colored images presented the
visualization of the fluorescence ratiog{{le With the increasing amount of ClOThen the
determination of CIQin living cells was carried out (Fig. 4B). Lipogshccharide (LPS) and phorbol
myristate acetate (PMA) were used as the stimalusduce the generation of the endogenous @O
Raw 264.7 cells[43]. As can be seen from Fig. 4Bwaithout stimulus, the cells showed mainly the
red emission. In Fig. 4B-a2, the slight green eimrssmplied the existence of spontaneous @O
Raw 264.7 cells, which demonstrated the extraorgirsnsitivity of the developed probe. Upon
addition of PMA and LPS, the obvious decrease dhaleannel and increase in green channel were
observed, which was consistent with the ratiomaggponse of MPIBA to CIQFig. 4B-b2). Based
on the variation of thegkedleq the intracellular increment of ClQvas estimated to be 8M
(standard deviation: SD=+0.2=11). Thus, this probe proved to be capable of tiiyarg the CIO
living cells. To make sure that whether the ratisponse was caused by the PMA-LPS-stimulated, CIO
the contrast experiments were carried out. ThectirRaw 264.7 cells were treated with 4-ABAH (50
uM) and probe MPIBA (uM) for 30 min, and then with LPS @mL™) and PMA (LgmL™) for 1 h
(Fig. 4B-c), where the ABAH was used to reduce itfteacellular CIO level through inhibiting the
activity of MPO[44]. Comparing with the cells indzi4B-b, the ABAH-inhibited cells showed the
remarkable decrease of fluorescence in green chaénhehe increase of fluorescence in red channel
(Fig.4B, cl-c2). This ratiometric response shoukl dttributed to the reduced concentration of
intracellular CIO due to the inhibitive effect of ABAH. Based on skeexperiments, we confirmed that

MPIBA was capable of quantitative reporting the @gehous CIQin living cells.

Fig. 4. Cells image for exogenous and endogenous CIO
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3.9. Imaging the dynamics of endogenousCIO™ and SO, in zebrafish

Zebrafish had around 87% homologous genes with hymad was widely adopted as a model
organism of vertebrate biology[45]. In most cades, experimental results obtained from zebrafish
were also suitable for human body[46]. Therefoehrafish was selected as the animal mode in this
work to evaluate the potential of MPIBA for imagi&g, and CIO in vivo. Up to date, little is known
about the S@dynamics in zebrafish, probably due to the lackhefsuitable SOprobe. Therefore, we
focused our initial efforts on monitoring the BTS#duced S@release in zebrafish. As could be seen
from Fig. 5A-a, without BTSA, the zebrafish showady the red emission, indicating the spontaneous
SO, was too low to be detected under the experimentlitons. Upon addition of BTSA, the red
emission began to decrease and correspondinghpltieeemission began to appear and increased in
the next 1 to 5 h (Fig. 5A-b~c~d). This observatd@monstrated that the $@duced by BTSA in
zebrafish was successfully detected by us. Theimvistigate whether the detected,8@s produced
by the reaction of BTSA with Cys in vivo, we cadieut the control experiments. First, we used the
culture medium containing 1 mM NEM and BTSA to tréze zebrafish for 5 h. Then the obtained
zebrafish was incubated with probe MPIBA for 1 Is. the result of this control experiment, Fig. 5A-e
showed the strong fluorescence in red channel,iwinicurn confirmed that it was the BTSA induced
SO, that triggered the fluorescence response of MPIBé the best of our knowledge, these results
demonstrated the first use of fluorescence probeinfiaging SQ in zebrafish, thus providing the
opportunity for the new investigations of whole-angsm analysis.

On the other hand, MPIBA was used to image the gewlous ClOin zebrafish. First, the MPIBA
treated zebrafish showed only the red emission. ((83a). Then, to the above medium, the LPS (1
ngmL™) and PMA (lugmL™) were added, and the fluorescence images werected at 3 h, 6 h, and
12 h. As can be seen from Fig. 5B-b~c~d, the gradigeease of green emission and decrease of red
emission were observed, suggesting the elevatedsled endogenous Cl@n zebrafish. Next, ABAH
was used to inhibit the generation of CI@&s expected, the Fig. 5B-e showed the strong red
fluorescence but the rather weak green fluorescerwese findings demonstrated that MPIBA probe

possessed the ability for imaging the endogeno@zebrafish.

Fig. 5. Imaging HSO3; and endogenous CIO"in Zebrafish
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3.10. Cross-Talk influence of SO, and CIO to cells apoptosis

Above results exhibit the robust applicability dtprobe MPIBA. Nevertheless, there is still the
uncertain information about the dichotomous roleS@b. As a signaling molecule, endogenous, SO
can be produced by sulphur-containing amino acdsas to increase the anti-oxidative capacity to a
certain degree [47, 48]. However, Sfiay also cause the occurrence and the progressisantce
oxidative injury in organs, which is always accomiga by the change of antioxidant status[16].
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Therefore, further work is required to understamel dual role of S® On the other hand, increasing
evidences suggest that oxidative stress can becénddby ClO that was produced in presence of
abnormal levels of MPO, which participated in thathmgenesis of diseases including cancer,
cardiovascular diseases, and tissue inflammatieB49 As one of the most powerful oxidants,
intracellular CIO may induce the apoptosis of cell. Consideringdbmprehensive influence of CIO
together with S@on cells, we reason that, Si@elf may cause the oxidative injury (such as apsp)
to cells whereas in presence of CIGQO, may resist the oxidative influence of Cl@n cells.
Consequently, a cross-talk effect of BQO" on intracellular cells can be expected, whichfigreat
significance to the exploration of the dichotomoole of SQ. Besides, exploring the cross-talk effect
will contribute to the further investigation of tlaatioxidant defense mechanisms, the suppression of
oxidative stress, as well as the cell apoptosisautdphagy[49, 52].

In present work, we monitored the homeostasis éetmEQ@and CIO in HelLa cells and meanwhile,
evaluated the influence of $@nd CIO to cell apoptosis. First of all, we investigatbe tapplicability
of MPIBA for reporting CIO in HeLa cells. Considering that Cld HeLa cell could be produced with
hydrogen peroxide and chloride ions via a myelogpiglase (MPO)catalyzed reaction[3], the

fluorescence imaging o f cCl O using

Fig. 6. Confocal fluorescence images and apoptosis analysis
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MPIBA probe in living HelLa cell was designed in F341. A set of systematic experiments including
the non-stimulating experiment (Fig.S11a), MP@kstimulating experiment (Fig. S11b), ABAH
inhibiting experiment (Fig. S11c) and re-additioxperiment (Fig. S11d), demonstrated the probe
MPIBA was able to report CIOn HelLa cells. Thus, we set out to explore theairellular cross-talk
effect of SQ and CIO. As shown in Fig. 6, all parallel groups were predbated with MPIBA (M)

for 30 min and washed three times with DMEM befonaging. As the control, the cells in Fig. 6a
exhibited only red emission and the apoptosisiratkis control group was almost 0.0%. The treatmen
of HeLa cells with BTSA for 30 min would triggeret8Q burst. As expected, the blue emission in Fig.
6b was observed, indicating the elevated levehtsbcellular SQ, The apoptosis rate of 6.5% implied
the injurious effect of the excessive S®Hela cells. While, under the oxidative stres® &xcessive
reactive oxygen species would further oxidize thigaicellular S@ Thus, the ClOcould serve to
induce the oxidative stress needed in this experimehe treatment of HelLa cells with MPO (0.01
Unit), H,O, (100uM) and NaCl (500 mM) for 1 h would induce the rigilevel of CIO. As shown in
Fig. 6¢, the green emission appeared and the bhiss®n became weakened. These phenomena
indicated the decrease of gé@nd the increase of CiMeanwhile, the apoptosis rate increased up to
14.2%, which was consistent with the fact that Giduced oxidative stress promoted the apoptosis of
cells. As a control experiment, the HelLa cells angtlel groups (Fig. 6d) were treated directly wiie
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MPO (0.01 Unit), HO, (100 uM) and NaCl (500 mM) for 1 h (Fig. 6e). Results wiad that the
intracellular CIO level was high and accordingly the apoptosis reds up to 45.8% This finding
confirmed that the ClQcaused the more serious injury to cells withoatstimulation of S@(Fig. 6¢),
which in turn reflected the protective role of S@o the best of our knowledge, this is the fiistet
that the dual role (cell damage and cytoprotectioh)intracellular S@, is visualized by the

fluorescence imaging.

4. Conclusion

In summary, we have developed a dual-responseefigent probe MPIBA for the respective or
successive ratiometric quantification of Sé&nhd CIO in cells and in vivo. MPIBA features the large
Stokes shift, large absorbance/emission shift, afalst response, high sensitivity,
dual-ratiometric-quantification and robust applitigh which demonstrates this probe a very atiract
candidate for biological monitoring. Fluorescenamfocal microscopic imaging for the RAW264.7
cells illustrates that this probe can be appliedjdantify the burst of CIOHeLa cells fluorescence
imaging illustrates the quantification of the imteflular SQ. Application of MPIBA in zebrafish
indicates its ability to visualize the dynamic @.Sand CIO in vivo. Finally, we successfully apply the
probe to detect the homeostasis ob&ID and the corresponding bio-influence in HelLa cétlssults
have elucidated the dichotomous effect of intradatl SQ under the oxidative stress, wherein the, SO
can exert both oxidative and anti-oxidative efféotgells. We envision that such a desirable pire

provide invaluable insights into how $OIO works in extensive biological systems.
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Figure Captions

Scheme 1. A: the proposed sensing strategy of probe MPIBA® &1d CIO B: frontier molecular
orbital plots of probe MPIBA, DMPIA and MPIB. Greaand red shapes are corresponding to the
different phases of the molecular wave functionsH®OMO and LUMO orbitals. C-a: PartitH NMR
spectra of MPIBA in DMSO-dand 'H NMR spectra of MPIBA in the presence of NaClO in
DMSO-d/D,0; C-a: Partial'H NMR spectra of MPIBA and in the presence of NahS®
DMSO-d/D,0, and C-c: partial'H NMR spectra of DMPIA in the presence of NaClO in
DMSO-dy/D,0

Fig. 1. Fluorescence response of probe MPIBA (M) to HSO, and CIO were respectively
investigated in DMSO/PBS buffer solution (50/50;, wH = 7.4, 20 mM).4): fluorescence response at
410 nm (ex=330 nm) to HSTO to 12.5uM); (B): fluorescence response at 625 nm (ex=440 nm) to
HSGO; (0 to 12.5uM); (C): the linear curve established by fluorescenc®safl,iflgs) versus the
concentrations of HSQ (D): the fluorescence response (ex=410 nm) of MPIBEHKO (0 to 25uM);
(E): the linear curve established by fluorescencsdlsyd/leos) versus the concentrations of NaClO;
(F): the fluorescence response of the DMPIA (see 1&ehg) to increased NaClO (0-pd1) (ex=380
nm slits:10/10nm).

Fig. 2. (A) Fluorescence ratio response of probe MPIBANS towards HS@ (20 uM) in presence of
metal ion (1 mM); B) Fluorescence ratio response of MPIBAuWd) to HSO; (20 uM) in presence of
anions (1mM) and other biological thiols (0.5 mM)DMSO/PBS buffer solution (50/50, v/v, pH = 7.4,
20 mM); (C) Fluorescence ratio response of MPIBAW®) towards NaClO (2QuM) in presence of
metal ion (1 mM); D) Fluorescence ratio response of MPIBA(®!) towards NaCIO (2QuM) in
presence of various ROS and RNS (208) in DMSO/PBS buffer solution (50/50, v/v, pH =4720
mM).

Fig. 3. (A) Confocal fluorescence images for HelLa cellstpgated with probe MPIBA (EM) with
addition of different levels of HSQO(a: O uM, b: 7.5uM, c¢: 15uM, d: 22.5uM, e 30 uM) for 30 min.
(B) Confocal fluorescence images for endogenoushegated HS@ Intact Hela cells were incubated
with- MPIBA (5 uM) for 30 min @l-a5) and then were incubated with
N-benzyl-2,4-dini-trophenylsulfonamide (BTSA) foh 1b1-b5); To get the control group, intact HeLa
cells were treated with N-ethylmaleimide (NEM) (1mkihd probe MPIBA (fuM) for 30 min, and
then with 25uM BTSA for 1 h €1-c5). (C) The average fluorescence ratios collectethfthe images
(B: a5: probe; b5: probe+ donor BTSA; ¢5: probe+NEBBSA ). Error bars are + SD, n=11. (1: red
channel Xex=488 nm,,em=570-670 nm), 2: blue channékx=405 nm,Aem =420-470nm), 3:
bright-field, 4: overlap of (1), (2) and (3), 5timimaging (hudled)- Scale bar: 2am.

Fig. 4. (A) Confocal fluorescence images for Raw264.7scetetreated with probe MPIBA (BV) and
different levels of ClO(a: O uM, b: 7.5uM, c¢: 15uM, d: 22.5uM, e 30 uM) for 30 min. (B) Confocal
fluorescence images for endogenous Cl@tact cells were incubated with MPIBA (/) for 30 min
(al-a5) and then were incubated with LPSygmL™) and PMA (1ugmL™) for 1 h; To get the control
group, intact Raw264.7 cells were treated with 4MB(50 uM) and probe MPIBA (5uM) for 30 min,
and then with LPS {@gmL™) and PMA (igmL™?) for 1 h €1-c5). (C) The average fluorescence ratios
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collected from the images (B: a5: probe; b5: prali#S+PMA; c5: probe+LPS+PMA+4-ABAH
Error bars are + SD, n=11. (1: red chanrgxE488 nm,kem =570-670nm), 2: green channel
(Aex=405 nmaem =470-570nm), 3: bright-field, 4: overlap of (1), (3), 5: ratio imaging (I green/ |
red)). Scale bar: 20m.

Fig. 5. (A) Fluorescence images of zebrafish larvae incubatddBTSA. The zebrafish was fed with
the probe (tM) for 1h (@l-a4); the larva was pretreated with probe in E3 méolic0 min and was
then incubated with BTSA for 1 (b1-b4), 3h €1-c4) or 5 h ¢i1-d4); To get control group, zebrafish
was incubated with 1 mM N-ethylmaleimide (NEM) aBd@SA (SQ donor) for 5 h, then further
treated with probe MPIBA for 1te{-ed); Fluorescence images frointo 4 representl: red channel
(Aex=488 nmpem =570-670nmy: blue channelex=405 nmjem =420-470nm)3: bright-field, 4:
overlap of (1), (2), (3). Scale bar: 2(ith. (B) Fluorescence images of zebrafish larvae thattveased
with LPS (1pgmL™) and PMA (1ugmL™Y). The zebrafish was treated with probgu{) for 1h @l1-a4);
then, the larva was treated with LPSugmL™) and PMA (1ugmL?) for 3 h p1-b4), 5 h €1-c4) and
12 h @d1-d4); To get control group, zebrafish were pretreatgih 4-ABAH (50 uM) and LPS(1u
gmL™) and PMA (1ugmL™) upon 12 h, then with probe for another Jeh-4); Fluorescence imagéds
to 4 representl: red channelXgx=488 nmiem =570-670nm)2: green channel&x=405 nmiem
=470-570nm)3: bright-field, 4: overlap of (1), (2), (3). Scale bar: 206n.

Fig. 6. Confocal microscopy images and apoptosis analfmisevaluating the bio-activities of
intracellular S@Q Hela cells were incubated with MPIBA (@M) for 30 min @l-a5) and then
incubated with 5uM BTSA for 60 min p1-b5). Next, 0.01 Unit of MPO, 100M H,0, and 500 mM
NaCl was added to cells and the mixture was furiheubated for 1hfl-c5). To perform the control
experiments, HelLa cells were incubated with prob&BA (5 uM) for 30 min @1-d5) and then with
the media consisting of 0.01 Unit of MPO, 108 H,0O, and 500 mM NaCl for 1hef-e5). (1: red
channel ¥ex=488 nmaem =570-670nmY: blue channelXex=405 nmjiem =420—-470nm)3: green
channel xex=405 nm}em =470-570nmd: bright-field,5: overlap of 1), (2) and @). Scale bar: 20m.
Apoptosis analysis: areas of Q1, Q2, Q3, Q4 wereesponding necrotic, late apoptosis, viable, and

early apoptosis.
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