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ABSTRACT 

Sulfur dioxide (SO2) and its derivatives sulfite and bisulfite play important roles in 

biological systems. However, in vivo detection of sulfite/bisulfite remains challenging. 

In this study, we developed a dinuclear Ir(III) complex (Ir4) as a two-photon 

phosphorescent probe for sulfite and bisulfite. Ir4 selectively and rapidly responded, 

with high sensitivity, to sulfite/bisulfite over other bio-related ions and molecules. 

One-photon and two-photon microscopy images revealed that Ir4 preferentially 

targeted mitochondria and was capable of imaging biological sulfite/bisulfite levels in 

vitro and in vivo. In situ sulfite generation in C. elegans was visualized by two-photon 

excitation real-time imaging. Finally, Ir4 was employed to monitor sulfite distribution 

in rat brain and other tissues. This study is the first report of the direct visualization of 

SO2 derivatives in vivo. These results provide new insights into the biological 

importance of SO2. 

 

Keywords: Biological SO2; Iridium(III) complex; Two-photon probe; C. elegans; 

Mice tissues 

 

1. Introduction 

In addition to its toxicity as an air pollutant, sulfur dioxide (SO2) produces 

biological effects at physiological concentrations. Gaseous SO2 has a short 

half-life of 1-2 seconds and dissociates into its sulfite/bisulfite (3:1) derivatives 

in plasma. Total sulfite content in serum is maintained at low levels (0-10 M) 

[1]. Endogenous sulfite is enzymatically generated via L-cysteine catabolism 

[2]. More precisely, the key enzyme in the generation of sulfite is aspartate 

aminotransferase (AAT), which is constitutively expressed in the cytosol and 

mitochondria [3]. Of note, neutrophils also produce sulfite in response to 

endotoxins or oxidative stress [4,5]. Endogenous SO2 and its derivatives appear 
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to be involved in various physiological processes, including vasorelaxation, 

anti-hypertensive effect, inhibition of vascular smooth muscle, and regulation 

of cardiac channel function. To some extent, the effect of SO2 is similar to that 

of other gasotransmitters such as NO, CO and H2S. For this reason, endogenous 

SO2 has been recently recognized as a novel potential gasotransmitter [6-10]. 

However, this role remains controversial since the biological effects of sulfite 

are poorly understood and since SO2 and its derivatives cannot be directly 

detected in vivo. The most commonly used method for the determination of 

sulfite/bisulfite in biological samples, namely high-performance liquid 

chromatographic (HPLC) [1], requires complex and invasive sample treatment 

and is not suitable for real-time and long-term detection of biological 

sulfite/bisulfite. Therefore, the development of a rapid, facile and reliable 

real-time detection method for biological sulfite/bisulfite levels is highly 

required. 

  Fluorescent imaging is one of the most attractive molecular imaging 

techniques for in vivo detection of biomolecules [11-14]. Hence, fluorescent 

probes for sulfite and/or bisulfite have been reported [15-18] and used for 

imaging of intracellular sulfite/bisulfite levels [19-21]. However, to the best of 

our knowledge, no probes for the determination of sulfite distribution in 

subcellular organelles are available. In addition, the reported probes for 

imaging of intracellular sulfite/bisulfite levels have been evaluated using 

one-photon microscopy (OPM) with relatively short excitation wavelengths. 

Two-photon microscopy (TPM) is becoming a powerful tool in molecular 

imaging of cells and tissues [22-26]. The advantages of two-photon excitation 

include reduced out-of-focus photobleaching, reduced autofluorescence, 

non-invasive excitation, deeper tissue penetration and intrinsically high 

three-dimensional resolution. This method would be particularly meaningful 

and valuable in monitoring sulfite/ bisulfite levels. 

  With this in mind, we aimed to develop a selective two-photon fluorescent 

probe for imaging biological sulfite/bisulfite in vivo. We previously developed 
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an Off-On phosphorescent probe (Ir1, Figure 1) for biological sulfite and 

bisulfite with one-photon excitation [27]. Probe Ir1 has a moderate two-photon   

absorption (TPA) cross-section value ( = 51.3 GM) but a relatively low 

phosphorescent quantum yield ( = 0.081), resulting in low two-photon 

brightness or two-photon excitation action cross-section (' = ×). In 

practice, a more relevant feature of a luminophore for use in TPM is its 

two-photon brightness ' [24]. Higher values of ' enable detection of lower 

probe concentrations at reduced laser powers, suppress autofluorescence, 

reduce phototoxic effects on the sample and facilitate higher resolution images 

of living cells and deep tissues. Many practical two-photon fluorescent dyes 

exhibit ' values larger than 10 [22-26]. To achieve such values, a high 

luminescent efficiency and/or large TPA cross-section value is essential. 

Recently, the Cho‘s and Kim’s groups have reported some benzothiazole and 

benzimidazole-based compounds that have strong two-photon emission [28-29]. 

With this in mind, we vary the auxiliary ligand of Ir1 to tune the electronic and 

spectral properties of the Ir-azo complex system. Hence, a series of azo-based 

Ir(III) complexes [Ir(C^N)2(azobpy)Ir(C^N)2]2+ (azobpy = 4,4''-azo-bis(2,2'- 

bipyridine)) with different cyclometalated ligands (C^N) were synthesized, and 

their spectral properties, sulfite sensing behaviors and cellular toxicities were 

compared in detail to identify an appropriate two-photon phosphorescent probe. 

The synthetic probes that were strongly emissive before reacting with sulfite or 

weakly emissive after reacting with sulfite were discarded. Three probes 

(Ir2-Ir4, Figure 1a) have passed this initial screening and are discussed 

in-depth in this paper. 

2. Materials and methods 

2.1. General instruments 

  Microanalysis (C, H, and N) was carried out using an Elementar Vario EL 
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elemental analyzer. Electrospray mass spectra were recorded on a LCQ system 

(Finnigan MAT, USA). Melting points were recorded on a WRS-1B digital melting 

point apparatus (Shanghai Precision Inst. Co., Ltd). 1H NMR spectra were recorded 

on a 400 MHz Nuclear Magnetic Resonance Spectrometry (Varian, Mercury-Plus 

400). All chemical shifts are reported relative to tetramethylsilane (TMS). 13C NMR 

spectra were recorded on a 126 MHz Superconducting Fourier Transfer Nuclear 

Magnetic Resonance Spectrometry (Varian, INOVA500NB). All chemical shifts are 

reported relative to the solvent CD3OD ( = 48.8 ppm). Electronic absorption spectra 

were recorded using a Perkin-Elmer Lambda 850 UV/Vis Spectrometer. Emission 

spectra were recorded on a Perkin-Elmer LS 55 Luminescence Spectrometer. pH 

measurements were conducted with a Sartorius PB-10 pH-meter. 

 

2.2. Materials and reagents 

  All purchased chemicals were used as received. Solvents were dried and 

distilled prior to synthesis. IrCl3, benzaldehyde, benzene-1,2-diamine, 

2-aminophenol, 2-aminobenzenethiol, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphen- 

yltetrazoliu bromide (MTT) were purchased from Alfa Aesar and were used 

without further purification. Commercially available mitochondrial imaging 

agents, Mito-tracker® Red FM (MTR) was purchased from Invitrogen. The 

ligands 2-phenyl-1H-benzo[d]imidazole (pbi) [30], 2-phenylbenzo[d]oxazole 

(pbo) [31], 2-phenylbenzo[d] thiazole (pbt) [31], and 4,4’’-azobis(2-2’- 

bipyridine) (azobpy) [32] were synthesized according to literature methods.  

 

2.3. Synthesis of iridium(III) complexes (Ir2~Ir4) 

  The cyclometalated iridium(III) chloro-bridged dimers were synthesized 

according to a procedure described in the literature [30,32] by refluxing 

IrCl3·3H2O with the corresponding cyclometalated ligands in a mixture of 



 

 6

2-ethoxythanol and water for 24 h. The crude products were precipitated, 

collected and used without further purification.  

  The synthesis of the cationic Ir(III) complexes was readily achieved from the 

reaction of cyclometalated chloride-bridged dimers with the corresponding 

ancillary ligands by a bridge-splitting reaction. In a general procedure, 0.1 

mmol Ir(III) dimer and 0.1 mmol azobpy was placed in a 50 mL three-necked 

flask with 20 mL of methanol and trichloromethane (1:1, v/v). The mixture was 

heated to 65 oC for 6 h under argon. Then solvent was evaporated under 

reduced pressure, and the crude product was purified by column 

chromatography on silica with CH2Cl2-MeOH (20:1, v/v) as the eluent. The 

obtained compound was then recrystallized with a mixture of CH2Cl2/hexane to 

obtain the iridium complexes. 

  Ir2: Yield 72.4 mg, 46%. Anal. Calc. for C72H50N14Cl2Ir2 (%): C, 55.20; H, 

3.22; N, 12.52. Found(%): C, 55.32; H, 3.14; N, 12.39. ESI-MS (CH3OH): m/z 

748.61 [M-2Cl-]2+. m.p. > 300 oC. 1H NMR (400 MHz, CD3CN) δ 11.66 (s, 

4H), 8.96 (dd, J = 7.2, 1.2 Hz, 2H), 8.64 (d, J = 8.0 Hz, 2H), 8.54 (d, J =6.0 Hz, 

2H), 8.29 (d, J = 4.8 Hz, 2H), 8.21 (t, J = 8.0 Hz, 2H), 7.92 (dd, J = 6.0, 2.0 Hz, 

2H), 7.81 (d, J = 7.2 Hz, 4H), 7.67 - 7.53 (m, 8H), 7.26 (t, J = 7.2 Hz, 4H), 7.11 

(t, J = 7.6 Hz, 4H), 7.01 - 6.82 (m, 7H), 6.39 (dd, J = 14.8, 7.6 Hz, 3H), 6.01 - 

5.89 (m, 2H), 5.77 (d, J = 8.4 Hz, 2H).13C NMR (126 MHz, CD3OD) δ 175.0, 

164.5, 159.5, 157.4, 156.6, 153.1, 151.5, 149.7, 139.5, 134.1, 133.5, 133.0, 

130.3, 128.2, 124.3, 123.7, 123.3, 122.3, 119.9, 117.5, 113.0, 112.4.  

  Ir3: Yield 118.1 mg, 75%. Anal. Calc. for C72H46N10O4Cl2Ir2 (%): C, 55.06; 

H, 2.95; N, 8.92. Found(%): C, 55.12; H, 2.84; N, 8.89. ESI-MS (CH3OH): m/z 

749.91 [M-2Cl-]2+. m.p. > 300 oC. 1H NMR (400 MHz, CD3CN) δ 9.32 (s, 1H), 

8.98 (d, J = 8.4 Hz, 1H), 8.60 (t, J = 6.8 Hz, 2H), 8.36 (d, J = 6.8 Hz, 2H), 8.28 

(d, J = 4.8 Hz, 2H), 8.22 - 8.12 (m, 2H), 8.02 (s, 2H), 7.95 (d, J = 7.6 Hz, 2H), 

7.88 (d, J = 4.8 Hz,2H), 7.83 - 7.79 (m, 4H), 7.68 - 7.60 (m, 2H), 7.46 (dd, J = 

16.4, 8.1 Hz, 4H), 7.22 - 7.11 (m, 8H), 7.03 (t, J = 6.4 Hz, 4H), 6.66 - 6.56 (m, 

4H), 6.06 (t, J = 8.0 Hz, 2H), 5.83 (dd, J = 14.8, 7.6 Hz, 2H). 13C NMR (126 
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MHz, CD3OD) δ 182.3, 158.6, 158.1, 155.6, 152.2, 150.7, 149.6, 144.3, 140.3, 

139.4, 134.3, 131.5, 130.8, 130.4, 129.5, 126.2, 125.6, 124.5, 123.9, 122.9, 

120.6, 119.0. 

  Ir4: Yield 112.7 mg, 70%. Anal. Calc. for C72H46N10S4Cl2Ir2 (%): C, 52.90; 

H, 2.84; N, 8.57. Found(%): C, 52.82; H, 2.94; N, 8.69. ESI-MS (CH3OH): m/z 

782.51 [M-2Cl-]2+. m.p. > 300 oC. 1H NMR (400 MHz, CD3CN) δ 9.23 (dd, J = 

4.8, 1.6 Hz, 2H), 8.94 - 8.85 (m, 2H), 8.41 (d, J = 6.0 Hz, 2H), 8.23 (t, J = 8.0 

Hz, 2H), 8.19 (dd, J = 5.6, 1.2 Hz, 2H), 8.08 - 8.01 (m, 4H), 7.98 (dd, J = 7.6, 

0.8 Hz, 4H), 7.95 (dt, J = 6.0, 2.0 Hz, 2H), 7.66 (dd, J = 7.2, 6.0 Hz, 2H), 7.43 - 

7.34 (m, 4H), 7.19 - 7.11 (m, 8H), 6.95 (td, J = 8.8, 1.2 Hz, 4H), 6.43 (dd, J = 

18.4, 7.6 Hz, 4H), 6.39 (d, J = 8.4 Hz, 2H), 6.22 (dd, J = 8.4, 2.0 Hz, 2H). 13C 

NMR (126 MHz, CD3OD) δ 180.8, 152.3, 150.9, 149.7, 149.4, 140.6, 140.1, 

139.4, 133.8, 133.3, 132.0, 131.8, 131.5, 130.9, 128.9, 128.0, 126.8, 126.5, 

125.8, 123.3, 122.8, 118.7, 117.8. 

 

2.4. Phosphorometric analysis 

  Stock solution of Ir2-Ir4 (1 mM) were prepared in DMSO and diluted to 

appropriate concentration with a PBS buffer before use. The appropriate 

analytes were then added. Both absorption spectra and emission spectra were 

measured after stirring for 5 min in standard 1.0 cm quartz cells. The mixture 

was equilibrated for 5 min before measurement. Excitation wavelength was 405 

nm and both slits were set to 10 nm in the emission spectra.  

 

2.5. Photophysical properties 

  The emission quantum yields of Ir1-Ir4 in the absence or presence of sulfite 

were measured in PBS buffer containing 2% DMSO using [Ru(bpy)3]2+ as a 

standard [33]. The quantum yields were calculated according to eq. 1: 

us

su
s

AI

AI u

                             (1) 
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where, I is the integrated fluorescent intensity, A is the integrated absorbance 

intensity. Subscript ‘u’ stands for reference samples, ‘s’ stands for samples. 

  The TPA cross-section values of probes Ir1-Ir4 were obtained by 

two-photon excitation fluorescence [34] using an OpeletteTM 355II (pulse 

width < 100 fs, 80 MHz repetition rate, tuning range 700-1050 nm, spectra 

Physics Inc., USA). Two-photon excited emission spectra were measured in 

fluorometric quartz cuvettes in CH3OH at 298 K. The experimental 

luminescence excitation and detection conditions were conducted with 

negligible reabsorption processes, which can affect TPA measurements. The 

quadratic dependence of two-photon induced phosphorescent intensity on the 

excitation power was verified at an excitation wavelength of 750 nm. The TPA 

cross-section of the probe was calculated at each wavelength according to eq. 

(2) 

 

                          (2) 

Among them, I is the integrated fluorescence intensity, c is the concentration, n 

is the refractive index, and is the quantum yield. Subscript ‘1’ stands for 

reference, ‘2’ stands for sample. In our measurements, we have ensured that the 

excitation flux and the excitation wavelengths are the same for both the sample 

and the reference. The two-photon absorption cross-sections  of iridium 

complexes were determined using rhodamine B as a reference [35]. 

 

2.6. One- and two-photon cellular imaging 

  The HepG2 cells were seeded at a density of 2×106 cells per mL in DMEM 

medium, supplemented with 10% fetal bovine serum (Corning Inc.), 1% 

penicillin (Gibco), and 1% streptomycin (Gibco) at 37 °C in a 5% CO2/95% air 

incubator. After 1 day, cells were treated without or with 20 M Na2SO3 in 

DMEM media for 4 h. After removing the DMEM media and washing with 

PBS buffer three times, the cells were further incubated with 2.0 M of Ir4 

1122

2211
12

nIc

nIc
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solutions in PBS containing 1% DMSO for 15 min and incubated with Mito 

Tracker Red for another 15 min. For endogenous sulfite detection, HepG2 cells 

were pre-treated with 500 M/250 M thiosulfate sulfurtransferase (TST) 

substrates Na2S2O3/NaCN or Na2S2O3/GSH overnight to increase sulfite/ 

bisulfite levels and then treated with Ir4 for 30 min. In contrast experiments, 

100 mM 2,4,6-trinitrobenesulfonate (TNBS) solution was added and then 

incubated for 2 h to inhibit TST activity. RAW 264.7 cells were pre-treated 

with 1 g/mL LPS for 2 h, and allowed to incubate with 100M Na2SO4 

solution in PBS for another 4 h to promote sulfite generation. In contrast 

experiment, prednisolone (0.1 M) treated with cells for 4 h before LPS 

treatment to suppress the sulfite generation. After washing out the 

supplemented LPS, Na2SO4 or prednisolone, RAW264.7 cells were further 

incubated with Ir4 (2.0 M, 30 min). The cells were washed three times 

carefully with PBS buffer and then subjected to luminescence imaging 

measurements. Cell images were captured with a monochromatic Cool SNAP 

FX camera (Roper Scientific, USA) and analyzed by using Axio Vision 4.2 

software (Carl Zeiss). 

 

2.7. Two-photon imaging of C. elegans 

  C. elegans was cultured as previously described [36] and maintained at 20 

°C. Ir4 or Na2S2O3/GSH were added to normal growth media (NMG) liquid at 

50°C, poured into Petri dishes (60 mm) and allowed to cool until solidified. 

Prepared media were seeded with the normal food source of E. coli and 

incubated overnight at room temperature to dry. Adult C. elegans animals were 

added to the Na2S2O3/GSH loaded media and allowed to feed freely overnight. 

They were then fed with Ir4 loaded media prior to imaging. Animals were 

transferred and imaged on 10% agarose pads in the presence of 2.5% (w/v) 

polystyrene beads (50 nm) to prevent movement. Imaging employed on a 
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monochromatic Cool SNAP FX camera (Roper Scientific, USA) and analyzed 

by using Axio Vision 4.2 software (Carl Zeiss). 

 

2.8. Two-photon imaging of rat hippocampal slices 

  Slices were prepared from the hippocampi of 2-week-old rat (male). Coronal 

slices were cut into 300-400 m thick using a vibrating blade microtome in 

artificial cerebrospinal fluid (ACSF: 124 mM NaCl, 3.0 mM KCl, 26.0 mM 

NaHCO3, 1.26 mM NaH3PO4, 10.0 mM D-glucose, 2.5 mM CaCl2 and 1.3 mM 

MgSO4). Slices were incubated with 2.0 M of a Ir4 solution in ACSF bubbled 

with 95% O2/5% CO2 for 30 min at 37 °C. Slices were then washed for times 

with ACSF and transferred to glass bottomed dishes and observed on a Leica 

TCS SP5 II MP confocal microscope. To assess the effect of sulfite movement, 

the slices were washed with PBS three times and pre-treated with 10 mM BaCl2 

for 10 min and then treated with Ir4. The excitation wavelength of the laser was 

set as 750 nm. 

 

2.9 Tissue homogenates assays 

  Calibration curve of Ir4 emission intensity at 532 nm vs sulfite concentration 

was set in PBS buffer containing 10% DMSO. Mouse tissue homogenates were 

obtained according to literature [37]. A two-week-old mouse was anaesthetized 

by intraperitoneal injection with 1% pentobarbital sodium 60 mg/kg. After 

transcardial perfusion with saline solution, the tissues from brain, spleen, lung, 

heart, kidney, serum, muscle, liver, colon and testicle were dissected out. The 

tissues were then homogenized in PBS buffer by a homogenizer (104 rpm for 

10 min) on ice bath. The homogenates were centrifuged (1.3×104 rpm for 15 

min) at 4 °C. The supernatant was taken and the concentration of protein in the 

homogenate was measured using a Nanodrop spectrophotometer. Homogenate 

was diluted to 10 mg/mL and incubated with a Ir4 solution (5.0 M) in PBS 
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containing 10% DMSO for 10 min. The emission intensity at 532 nm was 

recorded and sulfite content was calculated via calibration curve. 

3. Results and discussions 

3.1. Comparison of Ir(III) complexes 

  As a first step to identify a promising probe for in vivo applications, we 

assessed the reactivity of Ir2-Ir4 with sulfite and bisulfite. Probes Ir2-Ir4 were 

weakly emissive in PBS buffer containing 2% DMSO. When sulfite sources 

were added, however, the phosphorescence intensities of Ir2-Ir4 increased 

significantly (Fig. 1b, ESI, Fig. S4-6†) by approximately 25-, 8- and 18-fold for 

Ir2, Ir3 and Ir4, respectively. More importantly, these probes exhibited high 

selectivity toward sulfite/bisulfite over other bio-related ions and molecules 

(Fig. 2a). These results demonstrate the potential of Ir2-Ir4 as turn-on 

phosphorescent probes for sulfite/bisulfite in aqueous solutions.  

  The phosphorescent quantum yields () of Ir2-Ir4 in the absence or presence 

of sulfite were calculated and listed in Table S1 (ESI). Ir2 and Ir3 exhibited  

values of 0.082 and 0.067, respectively, after reacting with sulfite, whereas Ir4 

was more efficient, with a quantum yield of 0.28 in PBS buffer. The TPA 

cross-section values of probes Ir2-Ir4 were also determined using two-photon 

excitation fluorescence using rhodamine B as a standard [34,38]. As shown in 

Fig. 1c, probes Ir2-Ir4 exhibited maximum TPA cross-section values when 

excited at 750 nm. The TPA cross-section values of 750nm were 36.4 GM for 

Ir2, 100.7 GM for Ir3 and 141.0 GM for Ir4, and the two-photon brightness 

values (') were 2.98 GM for Ir2, 8.16 GM for Ir3 and 39.5 GM for Ir4 (ESI, 

Fig. S9†). The high ' value of Ir4 was a consequence of its high 

phosphorescent quantum yield and large TPA cross-section value.  

  In order to assess if Ir2-Ir4 could be used in living cells, their cytotoxicities 

toward the liver cancer cell line HepG2 were also evaluated using the MTT 
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assay (Table 1). Ir2 exhibited relatively moderate toxic effects over 48 h while 

Ir4 was more toxic with an IC50 of 19.6 M. However, when a shorter 

incubation time was employed (2 h), the toxicity of Ir4 was relatively low, as 

evidenced by a cell viability of > 90% (ESI, Fig. S10†). On the contrary, Ir3 

was generally too toxic to be used as an in vitro/in vivo probe. Its toxicity 

against HepG2 cells was higher than the well-known anticancer drug cisplatin. 

All in all, of the three Ir(III) complexes, Ir4 had the highest potential in TPM 

imaging of biological sulfite and bisulfite in living cells and tissues due to its 

high two-photon brightness value and relative low cytotoxicity. Thus, we 

utilized Ir4 for OPM and TPM imaging and detection of biological 

sulfite/bisulfite in the next steps of this study. 

 

3.2. Sulfite sensing behaviors of Ir4  

We first analyzed the spectral response of Ir4 toward sulfite. When Ir4 treated 

with sulfite (0-30.0 M), its emission intensity increased linearly and then 

reached a plateau (Fig. 2b). As shown in Fig. 2c, the phosphorescence intensity 

increased rapidly, and reached a plateau within 3 min, indicating that the 

reaction between Ir4 and sulfite was very fast and completed within 3 min. 

Job’s Plot results indicated a 1:1 ratio of probe to sulfite (ESI, Fig. S7†). Of 

high interest, the phosphorescence intensity was barely affected when pH 

values were varied from 4 to 10 (ESI, Fig. S8†). Importantly, Ir4 could also 

detect sulfite that was generated enzymatically in vitro. Indeed, when 

thiosulfate sulfurtransferase (TST), one of the two mitochondrial isoenzymes of 

rhodanese that transfers sulfur from thiosulfate to a thiophilic acceptor (CN- or 

reduced glutathione (GSH)) to form sulfite or bisulfite in vivo [1, 39-41], was 

incubated with thiosulfate, GSH and Ir4 for 10 min at 37 °C, the 

phosphorescence intensity increased distinctly (Fig. 2d). By contrast, no notable 

enhancement of emission intensity was observed when TST was absent. In 

addition, when TST was pre-treated with the inhibitor 2,4,6-trinitrobenzene 
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sulfonate (TNBS), the phosphorescence intensity sharply decreased. The 

reaction mechanism was evaluated using diverse analytical methods (ESI, Fig. 

S11-13†). Structural characterization indicated that Ir4 reacts with sulfite 

through sulfite addition to the azo bond, as detailed in our previous work [27]. 

 

3.3. Intracellular sulfite imaging 

  Some cationic cytometalated Ir(III) complexes are known to target 

mitochondria [42,43]. To assess if a similar behavior was observed with Ir4, 

we used ICP-MS to investigate the subcellular localization of Ir4. More 

specifically, Ir4 was incubated with cells for 30 min, followed by isolation of 

the mitochondria, nucleus and cytoplasm. ICP-MS analysis of the iridium 

content of these fractions (ESI, Fig. S14†) revealed that nearly 80% of Ir4 was 

localized in the mitochondria (26 of 33 fg/cell), whereas only 5% of Ir4 entered 

the cell nucleus (1.7 of 33 fg/cell). This result suggested that Ir4 successfully 

accumulated in the mitochondria and thus could be utilized as a phosphorescent 

turn-on probe for biological sulfite/bisulfite in mitochondria. In addition, to 

further confirm the results obtained by ICP-MS, a colocalization assay using 

the commercial mitochondrial dye MitoTracker Red FM (MTR) was performed 

(Fig. 3a). The co-staining images revealed that the phosphorescence of Ir4 

overlapped well with the MTR fluorescence (overlap coefficient is 0.87), 

implying a preferential distribution of Ir4 in mitochondria in agreement with 

our ICP-MS results. 

  Intracellular sulfite/bisulfite was then imaged with Ir4 in HepG2 cells using 

OPM and TPM. As shown in Fig. S15a†, HepG2 cells that were incubated with 

2.0 M Ir4 alone exhibited a faint phosphorescent signal. When cells were 

pre-treated with 20.0 M sulfite for 2 h before Ir4 incubation, however, a 

significant increase in the phosphorescence signal upon one-photon excitation 

(405 nm) was observed. A strong phosphorescence signal was also observed 

upon two-photon excitation (750 nm) (Fig. 3a).  
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  As an important link in the biological sulfur cycle in the body, sulfite or 

bisulfite can be generated endogenously as a result of the normal metabolism of 

sulfur-containing amino acids. One of the most direct pathways to generate 

sulfite is through sulfur transfer from thiosulfate via catalysis by TST [39-41], 

which is widely distributed in nature and is particularly abundant in mammalian 

livers. HepG2 cells were incubated with the TST substrates Na2S2O3/NaCN or 

Na2S2O3/GSH overnight to increase cellular sulfite/bisulfite levels and were 

then treated with Ir4 for 0.5 h (Fig. 3b). Remarkable phosphorescence signals 

were detected by TPM. In contrast, cells that were treated with GSH, Na2S2O3 

or NaCN alone in the presence of Ir4 did not produce a detectable 

phosphorescent signal (ESI, Fig. S15†). In addition, when TST was deactivated 

by TNBS [41], very weak phosphorescence intensity was observed in the cells, 

suggesting that TNBS blocked sulfite/bisulfite biogeneration catalyzed by TST. 

  In addition, neutrophils can produce sulfite as a mediator of inflammation in 

response to lipopolysaccharide (LPS) stimulation, which is a major component 

of bacterial endotoxin [3,5]. Immune suppressive agents such as prednisolone 

suppress this sulfite production. However, sulfite production by neutrophils 

likely occurs through a sulfate-reducing pathway since sulfate can promote 

sulfite production. We thus stimulated mouse macrophage RAW264.7 cells 

with LPS and utilized Ir4 to image sulfite production. As shown in Fig. 3c, a 

significant increase in phosphorescence was observed when cells were 

incubated with LPS. Furthermore, the addition of Na2SO4 to the media induced 

a slight enhancement (120%) in phosphorescence intensity, whereas the 

addition of prednisolone completely suppressed the phosphorescence intensity 

(32%). 

 

3.4. In vivo sulfite imaging 

  With the OPM and TPM cellular imaging results in hand, we sought to 

expand the scope and utility of this new probe by applying it to in vivo imaging 
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of sulfite/bisulfite generated in situ in the model organism C. elegans. Many 

enzymes related to endogenous sulfite generation, such as rhodanese and 

aspartate aminotransferase (AAT), are expressed in C. elegans [3]. We focused 

our attention on the in vivo production of sulfite by the 

rhodanese/Na2S2O3/GSH enzymatic system. C. elegans treated with Ir4 alone 

exhibited faint phosphorescence in vivo as detected by TPM (Fig. 4a). 

However, when Na2S2O3/GSH were included, the phosphorescence signal 

increased markedly and rapidly (Fig. 4b). In real-time imaging (Fig. 4c-h), 

some new phosphorescent spots appeared over time, indicating that endogenous 

sulfite was being generated in situ and visualized by Ir4 in these regions.  

  We further investigated the utility of the probe Ir4 in deep-tissue imaging. 

Fresh slices of 14-day-old rat hippocampal tissue were incubated with 2 M of 

Ir4 for 1 h at 37 °C and captured using TPM. As shown in Fig. 5a, TPM images 

of the slices revealed that sulfite/bisulfite were relatively evenly distributed in 

the CA1, CA3 and dentate gyrus (DG) regions. Moreover, images at a higher 

magnification clearly revealed the distribution in the individual cells in the CA1 

region at a depth of 100 m (Fig. 5b). The TPM images at depths of 80, 100, 

120, 140 and 160 m showed the sulfite/bisulfite distribution in each xy plane 

along the z direction (Fig. 5d). When the tissue was pre-treated with BaCl2 to 

precipitate sulfite and bisulfite, the two-photon excited phosphorescence 

intensity decreased sharply (Fig. 5c). These findings demonstrate that probe Ir4 

can effectively enable the determination of sulfite/bisulfite levels at depths of 

80-160 m in live tissues using TPM. 

  Importantly, the rat hippocampal slices were not pre-treated with any sulfite 

sources (exogenous or endogenous), and the TPM images demonstrated the 

distribution of sulfite/bisulfite in rat brain. This may be the first visual evidence 

of SO2 derivatives in a rat brain. To confirm the results of in vivo images, we 

further detected sulfite/bisulfite contents using tissue homogenates assays. 

Brain tissue as well as spleen, lung, heart, kidney, liver, serum, muscle, colon 

and testicle were separated from rats and homogenized immediately as 
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described by Zhao, Xu and co-workers in previous work [37,44]. A calibration 

curve was constructed with sulfite concentrations ranging from 1.0 M to 20.0 

M (R = 0.9988) (Fig. 6a). The average sulfite concentration in serum was 

10.20 ± 1.21 M. This result is in good agreement with other reports, which 

used HPLC methods [45,46]. The average sulfite concentration in the brain 

tissues of 3 rats was 8.39 ± 0.80 M (Fig. 6b). In addition, sulfite was abundant 

in colon and muscle tissues and less distributed in spleen and lung, most likely 

due to its biological functions as an antioxidant and in vascular smoothing [3]. 

These values are likely an overestimate because the high concentration of 

reduced biothiols such as GSH in vivo would increase the response to Ir4 and, 

consequently, the phosphorescence intensity (see Fig. 2a). Importantly, these 

observations are in agreement with the in vivo images of this study. 

 

4. Conclusion 

  In recent years, an increasing amount of research has focused on the 

biological effects of endogenous SO2 and its derivatives (sulfite/bisulfite) and 

revealed their physiological importance in cardiovascular system [1-10]. 

However, in vivo detection of sulfite/bisulfite remains challenging. In this study 

we sought to develop an efficient two-photon probe for real-time imaging of 

SO2 derivatives in vivo. A series of dinuclear Ir(III) complexes (Ir2-Ir4) 

bearing an azo group as the sulfite-active moiety were synthesized, and their 

sulfite sensing behaviors, photophysical properties and cytotoxicities towards 

cancer cells compared. These Ir(III) complexes could rapidly react with sulfite 

resulting in an increase in phosphorescence intensity. Ir4 was found to have the 

greatest quantum yield of the series of organometallic complexes ( (Ir4) = 

0.28 compared to  (Ir2) = 0.082 and Ir3) = 0.081). In addition, Ir4 

exhibited a large value of TPA cross-section, resulting in a large two-photon 

brightness value (' = , while ' (Ir2) = 2.98 and 'Ir3) = 8.16. 

Importantly, Ir4 showed relative low cytotoxicity against HepG2 cells. Indeed, 
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after 2 h incubation time, the toxicity of Ir4 was relatively low, as evidenced by 

a cell viability of > 90%, suggesting that, in our experimental conditions (2.0 

M for 0.5 h incubation), Ir4 was nearly non-toxic. All in all, due to these 

favorable properties (i.e. large two-photon brightness value and relative low 

cytotoxicity), Ir4 was chosen as the lead compound for further studies. We 

therefore then assessed its potential for OPM and TPM imaging and detection 

of biological sulfite/bisulfite. 

  Ir4 was found to be an Off-On phosphorescent probe for sulfite and bisulfite 

with high sensitivity, selectivity and rapid response. As required for biological 

applications, this probe preferentially targeted mitochondria and, importantly, 

enabled the direct visualization of intracellular sulfite/bisulfite levels using 

OPM and TPM. Ir4 allowed for the imaging of endogenous sulfite/bisulfate 

within living cells, and this using different sulfite/bisulfate generation 

pathways. Its application to in vivo imaging was then investigated in the model 

organism C. elegans by TPM. Real-time imaging of C. elegans using Ir4 

allows for the visualization of sulfite/bisulfite generation in situ. Even more 

strikingly, in vivo deep-tissue imaging was expanded to fresh slices of rat 

hippocampal tissue using TPM. The images suggested that sulfite is distributed 

in the brain with a concentration of 8.39 ± 0.80M. All in all, our findings 

demonstrate that the probe Ir4 is a useful and convenient tool for the detection 

and imaging of biological sulfite/bisulfite in subcellular organelles or live 

tissues using TPM. The successful visualization of SO2 derivatives in rat brains 

is of particular significance since the potential role of SO2 as a gasotransmitter 

remains unclear. We hope that our findings will facilitate the elucidation of the 

biological functions of SO2. 
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Figure Captions 

Fig. 1 (a) Chemical structures of Ir1-Ir4. (b) Normalized emission 

intensity of Ir1-Ir4 after reacting with sulfite. (c) Two-photon 

absorption cross-section of Ir1-Ir4 after reacting with sulfite. 

Fig. 2 (a) Relative intensity of Ir4 (5 M) treated with different species (1 

mM for each species except 20 M for sulfite and bisulfite) in PBS 

buffer containing 2% DMSO. ex/em = 405 nm/532 nm. Bars: 1, 

Control; 2, NaCl; 3, NaI; 4, Na2CO3; 5, NaNO2; 6, NaNO3; 7, 

Na2SO4; 8, NaCN; 9, citrate; 10, EDTA; 11, boric acid; 12, H2O2; 

13, TEMPO; 14, Na2S; 15, Na2S2O3; 16, Cys; 17, Hcy; 18, GSH; 

19, Asc; 20, DTT; 21, Na2SO3; 22, NaHSO3. (b) Emission spectra 

of Ir4 (5 M) with increasing sulfite concentration. Insert: relative 

intensity at 532 nm vs sulfite concentration. (c) Time-dependent 

curves of Ir4 (5 M) emission intensity with 20 M sulfite solution 

in PBS containing 2% DMSO. (d) Enzymatic generation of sulfite 

or bisulfite by TST. A solution of GSH/Na2S2O3 or NaCN/Na2S2O3 

(20 mM/10 mM) was incubated with a 5 M Ir4 solution in PBS 

buffer containing 0.3% DMSO at 37 °C. Human TST-6* His fusio 

protein (15 g �L-1) was then added to the mixture and incubated for 

10 min 37°C. TNBS was added to inhibit TST activity. λex/em = 

405/532 nm. Slits were set to 10 nm. 

Fig. 3 Confocal fluorescent images of Ir4 (2.0 M) indicating intracellular 

sulfite/bisulfite. (a) Using Ir4 to image exogenous sulfite. From left 

to right: OPM of Cells that were pre-treated with sulfite (20 M) 

for 2 h and then Ir4 for 0.5 h; TPM of Cells that were pre-treated 

with sulfite and then Ir4; Co-stained with Mito Tracker Red 

(MTR); Overlay of TPM image and MTR image. (b) Two-photon 

images of endogenous sulfite/bisulfite that generated via rhodanase 

catalysis. HepG2 cells were pre-treated with 500 M/250 M TST 
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substrates Na2S2O3/NaCN or Na2S2O3/GSH overnight to increase 

sulfite/bisulfite levels, followed by treatment with Ir4 for 0.5 h min. 

As a negative control, TST activity was inhibited by 100 mM 

TNBS. (c) Two-photon images of endogenous sulfite/bisulfite that 

generated via LPS stimulation. LPS (1 g/mL) was added to 

stimulate RAW264.7 cells for 2 h. Sulfate (100 M) was treated 

with RAW264.7 cells for 4 h after LPS treatment to promote sulfite 

production. And 0.1 M prednisolone was added to incubate for 4 h 

before LPS treatment to suppress sulfite production. Luminescent 

signal collection (λex/em): OPM 405/550±30 nm and TPM 

750/550±30 nm for Ir4; 543/630±30 nm for MTR. Scale bars in 

(a-l): 20 m. 

Fig. 4 TPM images of C. elegans loaded with Ir4 (2.0 M). (a) C. elegans 

treated with Ir4 at 20 °C for 30 min. (b) C. elegans pre-treated 

overnight with 500 M/250M of Na2S2O3/GSH and then treated 

with Ir4 at 20 °C. (c–h) Real-time TPM images of (b). The arrows 

indicate in situ generation of endogenous sulfite in C. elegans. 

Scale bars: 20 m. 

Fig. 5 TPM image of a fresh rat hippocampal slice stained with Ir4 (2.0 

M) for 1 h (a) under ×10 magnification and (b) under ×100 

magnification in the CA1 region. (c) TPM image of a slice 

pre-treated with 10 mM BaCl2 for 10 min before labelling with Ir4. 

(d) TPM images of the slice were acquired at different scanning 

depths (80-160 m). Scale bars in (a), (c) and (d): 200 m. Scale 

bar in (b): 25 m. 

Fig. 6 (a) Calibration curve of phosphorescence intensity vs. sulfite 

concentration in PBS buffer containing 10% DMSO. Tissue 

homogenates were incubated with Ir4 (5.0 M) at 37 °C for 5 min, 

and the emission intensity was then recorded. (b) Sulfite 
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concentrations in different tissue homogenates were calculated via 

calibration curve (a). All homogenate concentrations were 

standardized to 10 mg/mL. 
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Table 1 Quantum yields, TPA cross-sections, TPA action cross-sections 

and cytotoxicities of Ir1-Ir4 in the absence or presence of sulfite. 

Complex Em./nm Lifetime/ns /% /GM a '/GM b IC50/M c 

Ir1 591 72.2 0.18 0.45 0.00081 31.5 ± 4.5 

Ir1 + Sulfite 588 155.7 8.3 51.3 4.26 40.9 ± 5.1 

Ir2 591 117.6 0.32 0.42 0.0013 49.2 ± 6.2 

Ir2 + Sulfite 593 229.3 8.2 36.4 2.98 63.1 ± 5.6 

Ir3 513, 544 151.4 0.57 1.12 0.0064 4.0 ± 1.1 

Ir3 + Sulfite 514, 541 454.6 8.1 100.7 8.16 5.9 ± 1.3 

Ir4 529, 570 124.8 1.5 2.37 0.036 19.6 ± 3.5 

Ir4 + Sulfite 532, 567 825.7 28 141.0 39.5 23.4 ± 3.1 

(a)1 GM = 10-50 cm4·s·photon-1; (b) Two-photon brightness value,' = × (c) 

Cytotoxicity against HepG2 cells for 48 h, with a reference of 12.0 ± 1.1 M for 

cisplatin against HepG2 cells. 
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Fig. 1 (a) Chemical structures of Ir1-Ir4. (b) Normalized emission intensity of 

Ir1-Ir4 after reacting with sulfite. (c) Two-photon absorption cross-section of Ir1-Ir4 

after reacting with sulfite. 
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Fig. 2 (a) Relative intensity of Ir4 (5M) treated with different species (1 mM for 

each species except 20 M for sulfite and bisulfite) in PBS buffer containing 2% 

DMSO. ex/em = 405 nm/532 nm. Bars: 1, Control; 2, NaCl; 3, NaI; 4, Na2CO3; 5, 

NaNO2; 6, NaNO3; 7, Na2SO4; 8, NaCN; 9, citrate; 10, EDTA; 11, boric acid;  12, 

H2O2; 13, TEMPO; 14, Na2S; 15, Na2S2O3; 16, Cys; 17, Hcy; 18, GSH; 19, Asc; 20, 

DTT; 21, Na2SO3; 22, NaHSO3. (b) Emission spectra of Ir4 (5 M) with increasing 

sulfite concentration. Insert: relative intensity at 532 nm vs sulfite concentration. (c) 

Time-dependent curves of Ir4 (5.0 M) emission intensity with 20 M sulfite 

solution in PBS containing 2% DMSO. (d) Enzymatic generation of sulfite or bisulfite 

by TST. A solution of GSH/Na2S2O3 or NaCN/Na2S2O3 (20 mM/10mM) was 

incubated with a 5.0 M Ir4 solution in PBS buffer containing 0.3% DMSO at 37°C. 

Human TST-6* His fusio protein (15 g �L-1) was then added to the mixture and 

incubated for 10 min 37°C. TNBS was added to inhibit TST activity. λex/em = 405/532 

nm. Slits were set to 10 nm. 
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Fig. 3 Confocal fluorescent images of Ir4 (2.0 M) indicating intracellular 

sulfite/bisulfite. (a) Using Ir4 to image exogenous sulfite. From left to right: OPM of 

Cells that were pre-treated with sulfite (20 M) for 2 h and then Ir4 for 0.5 h; TPM of 

Cells that were pre-treated with sulfite and then Ir4; Co-stained with Mito Tracker 

Red (MTR); Overlay of TPM image and MTR image. (b) Two-photon images of 

endogenous sulfite/bisulfite that generated via rhodanase catalysis. HepG2 cells were 

pre-treated with 500 M/250 M TST substrates Na2S2O3/NaCN or Na2S2O3/GSH 

overnight to increase sulfite/bisulfite levels, followed by treatment with Ir4 for 0.5 h 

min. As a negative control, TST activity was inhibited by 100 mM TNBS. (c) 

Two-photon images of endogenous sulfite/bisulfite that generated via LPS stimulation. 

LPS (1 g/mL) was added to stimulate RAW264.7 cells for 2 h. Sulfate (100 M) was 

treated with RAW264.7 cells for 4 h after LPS treatment to promote sulfite production. 

And 0.1 M prednisolone was added to incubate for 4 h before LPS treatment to 

suppress sulfite production. Luminescent signal collection (λex/em): OPM 405/550±30 

nm and TPM 750/550±30 nm for Ir4; 543/630±30 nm for MTR. Scale bars in (a-l): 

20 m. 
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Fig. 4 TPM images of C. elegans loaded with Ir4 (2.0 M). (a) C. elegans treated 

with Ir4 at 20 °C for 30 min. (b) C. elegans pre-treated overnight with 500 

M/250M of Na2S2O3/GSH and then treated with Ir4 at 20 °C. (c–h) Real-time 

fluorescent images of (b). The arrows indicate in situ generation of endogenous sulfite 

in C. elegans. Scale bars: 20 m. 
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Fig. 5 TPM image of a fresh rat hippocampal slice stained with Ir4 (2.0 M) for 1 h 

(a) under ×10 magnification and (b) under ×100 magnification in the CA1 region. (c) 

TPM image of a slice pre-treated with 10 mM BaCl2 for 10 min before labeling with 

Ir4. (d) TPM images of the slice were acquired at different scanning depths (80-160 

m). Scale bars in (a), (c) and (d): 200 m. Scale bar in (b): 25 m.  
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Fig. 6 (a) Calibration curve of phosphorescence intensity vs. sulfite concentration in 

PBS buffer containing 10% DMSO. Tissue homogenates were incubated with Ir4 (5.0 

M) at 37 °C for 5 min, and the emission intensity was then recorded. (b) Sulfite 

concentrations in different tissue homogenates were calculated via calibration curve 

(a). All homogenate concentrations were standardized to 50 mg/mL. 

 


