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A B S T R A C T   

A novel FRET-based fluorescence probe, NBIS, constructed by benzoindole-based hemicyanine as an acceptor 
and naphthalimide derivatives as a donor was developed for the detecting of sulfur dioxide (SO2) derivatives. 
Probe NBIS exhibited high energy transfer efficiency (89%) and showed high sensitivity (LOD: 16.2 nM) toward 
HSO3

− /SO3
2− . Probe NBIS could target the endoplasmic reticulum (ER) and was applied to image exogenous and 

endogenous HSO3
− /SO3

2− in living cells.   

1. Introduction 

It is known that continuous exposure to air pollution, in which sulfur 
dioxide (SO2) is a main composition, might enhance chance of suffering 
cardiovascular and lung diseases. On the other hand, SO2 derivatives are 
among the most widely utilized preservatives in the food and beverages 
industries, such as winemaking, and one of their main functions is to 
inhibit microorganisms. Under physiological conditions, SO2 can 
dissolve in water and form its derivatives, bisulfite and sulfite [1,2]. 
There are many analytical methods for the assay of SO2 preserving 
agents including titrimetric, spectrometric, chromatographic, electro
chemical (voltammetric, amperometric, potentiometric) [3]. To date, 
the endogenous nature and possible physiological roles of SO2 has 
gained attention. There is mounting evidence that SO2 can be generated 
during normal cellular metabolism and may possibly function as a 
signaling molecule in normal physiology. For example, a complete 
endogenous SO2 pathway was detected in the cardiovascular system and 
found to play an important role in cardiovascular physiology and 
pathophysiology [4]. Endogenous SO2 could regulate hippocampal 
neuron apoptosis in developing epileptic rats [5]. Therefore, it is 
important to develop methods for detecting exogenous and endogenous 
SO2 (HSO3

− /SO3
2− ). Compared with traditional detection methods, 

fluorescent probe assay is more practical because of excellent 

advantages such as low cost, rapidity, high selectivity and sensitivity, 
non-invasive detection, good bio-compatibility as well as real-time 
detectability. In the last decade, fluorescent probes for the detection of 
SO2 derivatives have been developed rapidly. Many fluorescent probes 
based on different sensing mechanisms including Michael addition, 
deprotection reaction, nucleophilic reaction with aldehyde have been 
designed and used to the detection of SO2 derivatives [6–8]. Fluorescent 
probes typically fall into two categories, those which rely upon a single 
emission signal and those which employ a ratiometric. Because ratio
metric fluorescence probes that allow measurement of the fluorescence 
emission intensities at two different wavelengths can eliminate inter
ference from, for example, environmental effects, and the concentration 
of the probe by self-calibration, ratiometric fluorescence probes are 
highly desirable. So far, a number of ratiometric fluorescence probes 
based on different response mechanism, such as the intramolecular 
charge transfer (ICT), photoinduced electron transfer (PET), 
excited-state intramolecular proton transfer (ESIPT), through bond en
ergy transfer (TBET) and fluorescence resonance energy transfer (FRET) 
have been reported to sense a wide variety of analytes, such as pH 
[9–11], HSO3

− [12–19], peroxynitrite [20], thiol [21–23], hypochlorite 
[24,25], Fe3+ [26], Ca2+ [27], β-Galactosidase [28], hydrogen sulfide 
(H2S) [29,30], Among them, FRET-based ratiometric fluorescence 
probes are very popular [31–37]. However, some deficiencies require 
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improvement, such as response time, sensitivity, energy transfer effi
ciency [38], the distance between two emission bands [39], excitation 
wavelength [40]. Therefore, it is imperative to develop new FRET 
platforms. Notably, over the past decade, the design and development of 
organelle-targeted fluorescent probes have been attractive for precise 
monitoring of subcellular microenvironments. Though many probes 
with diverse targeting groups have been used to detect bioactive species, 
such as reactive oxygen species, reactive nitrogen species, reactive sulfur 
species, in specific organelles, endoplasmic reticulum (ER)-targeted 
fluorescence probes are very rare and the ER-targeted intrinsic molec
ular mechanism remains unclear [41]. To the best of our knowledge, 
ER-targeted fluorescent probe for monitoring of SO2 derivatives has not 
been reported yet. 

As a continuation of our efforts to develop new fluorescent probes, 
herein, we report a novel ER-targeted ratiometric fluorescent probe 
based on FRET for the detecting of SO2 derivatives (Scheme 1). 

2. Experimental section 

2.1. Apparatus and material 

1H NMR and 13C NMR spectra were determined by Bruker Avance 
300 spectrometer. Mass spectra were recorded by a Q-TOF6510 spec
trograph (Agilent). IR spectra were obtained using IR spectrophotometer 
VERTEX 70 FT-IR (Bruker Optics). UV–Vis absorption spectra were ob
tained by a Cary 5000 spectrophotometer (Agilent) and fluorescence 
spectra were measured on a LS-55 fluorescence spectrophotometer 
(PerkinElmer). The fluorescence lifetime was performed on an Edin
burgh Instruments FLS920 Fluorescence Spectrometer. All pH of solu
tions were obtained by a PHS-3C pH-meter (YouKe). Thin-layer 
chromatography (TLC) was conducted on silica gel 60F254 plates (Merck 
KGaA) and column chromatography was carried out over silica gel 
(200–300 mesh). Unless otherwise stated, all reagents and solvents were 

Scheme 1. Sensing mechanism of probe NBIS toward HSO3
− /SO3

2-  

Scheme 2. Synthesis of probe NBIS.  
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purchased from commercial provider. Twice-distilled water was used 
throughout all experiments. 

2.2. Synthesis of probe NBIS 

As shown in Scheme 2, the mixture of compound 3 (523 mg, 1.0 
mmol), compound 5 (387 mg, 1.0 mmol), 4-dimethylaminopyridine (15 
mg, 0.12 mmol) and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide 
hydrochloride (191 mg, 1.0 mmol) in dichloromethane (140 mL) was 
stirred at room temperature for 18 h. The solvent was removed under 
reduced pressure and then the residue was purified by column chro
matography on silica gel to obtain probe NBIS (408 mg, dark violet 
solid) in 46% yield, which was characterized by NMR, HRMS and IR 
(Figs. S1–4). m. p. = 224–226 ◦C. 1H NMR (300 MHz, CDCl3) δ 8.66 (d, J 
= 8.4 Hz, 1H), 8.59–8.57 (m, 1H), 8.45–8.41 (m, 1H), 8.26–8.17 (m, 
4H), 8.08–8.01 (m, 2H), 7.73–7.68 (m, 2H), 7.63–7.54 (m, 5H), 
7.42–7.39 (m, 2H), 6.97 (d, J = 3.9 Hz, 2H), 6.86–6.83 (m, 1H), 4.42 (d, 
J = 4.5 Hz, 3H), 3.82–3.73 (m, 8H), 3.56–3.48 (m, 4H), 2.13 (m, 4H), 
2.07 (s, 6H). 13CNMR (75 MHz, DMSO‑d6) δ 181.72, 169.30, 164.45, 
163.42, 154.35, 153.08, 152.94, 140.03, 138.17, 137.18, 135.60, 
133.98, 133.47, 133.17, 131.59, 131.22, 131.10, 130.46, 129.92, 
128.69, 128.06, 127.28, 126.97, 124.39, 123.71, 123.31, 122.37, 
114.16, 113.33, 109.42, 108.99, 107.10, 56.49, 55.37, 53.40, 53.37, 
46.62, 34.50, 26.26, 26.04, 19.01. IR (KBr, cm− 1): 3443, 2925, 2858, 
1637, 1577, 1523, 1458, 1398, 1361, 1299, 1238, 1183, 1124, 1087. 
HRMS (ESI): m/z found 764.3530, calculated for [C50H46O3N5]+: 
764.3595. 

2.3. Preparation of testing solution and cells culturing 

A stock solution of probe NBIS (1 mM) was prepared in DMSO. The 
stock solutions of other analytes were prepared by using distilled water. 
50 μL stock solution of probe NBIS was transferred into volumetric flask 
and diluted to 10 mL by the buffer solution (DMSO:PBS = 3:7, v/v, pH =
7.4) at room temperature. Then, various equivalents of HSO3

− /SO3
2− or 

other analytes was added. 
Henrietta Lacks cells (HeLa cells), human liver cancer cells (HepG2 

cells), human normal liver cells (L-O2 cells) were cultured with DMEM 
(Dulbecco’s modified Eagle medium) which contains supplement of 
10% FBS (Fetal Bovine Serum). Human Dermal fibroblasts (HDFs) were 
cultured in DMEM Basic medium supplemented with 10% (v/v) bovine 
calf serum. All cell lines were cultured in a humidified incubator at 37 ◦C 
under 5% CO2 atmosphere. Images were acquired using a confocal mi
croscope (Zeiss LSM900). 

2.4. Calculation of energy transfer efficiency (ETE) 

ETE was calculated by following equation:  

ηETE = 1-FDA/FD                                                                                   

Where, FDA and FD denote the maximum of fluorescence intensity with 
and without an acceptor, respectively. 

3. Results and discussion 

3.1. Design of fluorescent probe NBIS 

The energy transfer efficiency of FRET probes is highly dependent on 
the substantial overlap of the donor emission spectrum with the acceptor 
absorption spectrum. In addition, two well-separated emission bands 
with comparable intensities can ensure detection accuracy. However, 
because the larger the spectral overlap, the shorter the emission shifts of 
FRET systems, to reconcile the two parameters is difficult. Therefore, it 
is still a current challenge to construct new FRET pairs. 

Naphthalimide derivatives are classical fluorophores and widely 
used to construct fluorescent probes including single emission or ratio
metric signal. Due to the maximum emission of naphthalimide fluo
rophore is around 560 nm, it can be used as both donor and acceptor in 
the different FRET pairs, depending on the spectra of a second compo
nent [20,28,29,32]. Hemicyanine dyes are widely used in fluorescent 
probes based on ICT mechanism, because of its good solubility in water, 
high molar extinction coefficients and lower cell toxicity. As a part of 
ICT system, benzoindole moiety, generally in the cation form, due to the 
excellent electron-withdrawing ability, is often used [27,42–44]. Ac
cording to the spectral property of hemicyanine dyes, they should be 
suitable as the acceptor for the construction of FRET platform. However, 
benzoindole-based hemicyanine dyes for FRET platform are still rare 
[45]. Therefore, in present work, a new FRET platform is constructed 
(named as NBIS), in which naphthalimide derivatives is selected as the 
donor and benzoindole-based hemicyanine is selected as the acceptor 
(Scheme 1). When probe NBIS in a buffer solution (DMSO/PBS = 3:7, 
pH = 7.4) was excited at 440 nm, the maximum emission centered 610 
nm from acceptor moiety was observed because FRET process occurred. 
However, after the probe reacted with HSO3

− /SO3
2− , by a nucleophilic 

addition at C––C double bond in acceptor moiety, ICT process in the 
acceptor moiety was destroyed and FRET could no longer operate, 
leading to the donor emission at 534 nm was recorded. The visible light 
excitation (440 nm) and the spacing between two emission peaks (76 
nm) could meet the requirements for the ratiometric detection. 

Fig. 1. (a) Probe NBIS (5 μM) responded toward HSO3
− /SO3

2− (0–2.0 equiv.). (b) The linear relationship between the ratio values of fluorescence intensity (I534/I610). 
Data are mean ± SD (n = 3). λex = 440 nm, slit: 7.5/7.5 nm, speed: 1200 nm/min. 
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3.2. Synthesis of probe NBIS 

As shown in Scheme 2, compound 1 (1,1,2,3-tetramethyl-1H-benzo 
[e]indol-3-ium iodide) was easily synthesized from commercial 1,1,2- 
trimethyl-1H-benzo [e]indole by methylation with methyl iodide. 
Compound 1 condensed with 4-(piperazin-1-yl)benzaldehyde (2) to 
afford (E)-1,1,3-trimethyl-2-(4-(piperazin-1-yl)styryl)-1H-benzo [e] 
indol-3-ium iodide (compound 3). The reaction of compound 4 and 
pyrrolidine gave 4-(1,3-dioxo-6-(pyrrolidin-1-yl)-1H-benzo [de]iso
quinolin-2(3H)-yl)benzoic acid (compound 5). Finally, compound 3 
reacted with compound 5 to furnish probe NBIS (compound 6), (E)-2-(4- 
(4-(4-(1,3-dioxo-6-(pyrrolidin-1-yl)-1H-benzo [de]isoquinolin-2(3H)-yl) 
benzoyl)piperazin-1-yl)styryl)-1,1,3-trimethyl-1H-benzo [e]indol-3-ium 
iodide. 

3.3. Fluorescence and UV–Vis absorption spectral of probe NBIS 

After a series of tests for a suitable solvent, a buffer solution (DMSO/ 
PBS = 3:7, pH = 7.4) was chosen for all spectral property measurements. 
Probe NBIS alone in the buffer solution displayed a strong fluorescence 
band centered at 610 nm when it was excited with 440 nm light due to 
FRET process. The fluorescence quantum yield is Φ = 0.011 (quinine 
sulfate as standard). The addition of HSO3

− /SO3
2− led to a new fluores

cence band centered at 534 nm (Φ = 0.006, quinine sulfate as standard). 
It can be observed that fluorescence intensity at 610 nm abated gradu
ally and the fluorescence intensity at 534 nm increased as the dosage of 
HSO3

− /SO3
2− increased (Fig. 1 (a)). The phenomena fitted a typical FRET 

character. The fluorescence lifetime was measured and the results were 
shown in Fig. S5 and Table S1. The average fluorescence lifetime of 
donor moiety in the probe at 534 nm was shorter than that of the donor 
only, which confirmed the FRET process [46]. A preferable linearity 
between the fluorescence intensity ratios (I534/I610) and the concentra
tions of HSO3

− /SO3
2− from 0 to 0.9 equiv. Was obtained (Fig. 1 (b)). The 

limit of detection was calculated to be 16.2 nM, which is superior to 
previous reports (Table S2). The good sensitivity offers potential for the 
sensing of intracellular SO2 derivatives. Similarly, the absorption spec
trum showed that the absorbance at the longer wavelength decreased 
gradually and the absorbance in shorter wavelength changed little when 
added HSO3

− /SO3
2− in the range of 0–1.6 equiv. (Fig. S6). The addition 

reaction product of probe NBIS with HSO3
− /SO3

2− was verified by HRMS 
data (Fig. S7), in which the peak appeared at m/z 846.3257 was 
attributed to the addition product (calculated m/z [M+H]+: 846.3320). 
Notably, the fluorescence emission spectrum of the donor could effi
ciently overlap with the absorption spectrum of the acceptor (Fig. S8). 
The energy transfer efficiency of the probe was calculated to be 89% 
(Fig. S9). Moreover, two emission peaks separated obviously with a 76 
nm emission shift. 

3.4. Selectivity of probe NBIS toward HSO3
− /SO3

2− by fluorescence 
spectrometry 

The selectivity of a fluorescent probe toward analyte is one of the 
most important parameters. Therefore, the selectivity of probe NBIS 
toward HSO3

− /SO3
2− and other species (Cl− , Br− , I− , AcO− , NO2

− , NO3
− , 

SCN− , S2O3
2− , HCO3

− , SO4
2− , HS− , Cys, GSH, Hcy) was evaluated in the 

buffer solution. The fluorescence intensity ratio of the probe has few 
changes in the presence of Cl− , Br− , I− , AcO− , NO2

− , NO3
− , SCN− , S2O3

2− , 
HCO3

− , SO4
2− , HS− , Cys, GSH, Hcy, respectively. Moreover, the ratio 

(I534/I610) value dramatically increases 7.4-fold in the presence of 
HSO3

− /SO3
2− . The results indicate a high sensitivity of the probe toward 

HSO3
− /SO3

2− (Fig. S10). To appraise whether the probe can be preferable 
for the detection of HSO3

− /SO3
2− in the presence of other species (Cl− , 

Br− , I− , AcO− , NO2
− , NO3

− , SCN− , S2O3
2− , HCO3

− , SO4
2− , HS− , Cys, GSH, 

Hcy), the fluorescence spectra of the probe toward HSO3
− /SO3

2− (2 
equiv.) in the presence of various species (2 equiv.), respectively, were 
measured and the fluorescence intensity ratios were almost not changed 

compared with that in the absence of other species (Fig. S10). Thus, 
probe NBIS showed high selectivity and good anti-interference ability 
for HSO3

− /SO3
2− , suggesting the applicability of the probe to detection of 

HSO3
− /SO3

2− in complex environments. 

3.5. Effect of pH and time on NBIS toward HSO3
− /SO3

2−

The properties of fluorescence probes depend strongly on solvent 
system and its pH because the reaction rate and equilibrium of nucleo
philic addition is changed in the different solvent and pH. Therefore, in 
the condition of a selected solvent system, the effect of pH and time on 
NBIS toward HSO3

− /SO3
2− was determined. The fluorescence intensity 

ratios (I534/I610) of the probe was stable over a wide pH range (pH =
4–8). In addition, in the presence of HSO3

− /SO3
2− , the fluorescence in

tensity ratios (I534/I610) of the reaction solution increased with increases 
in pH from 5 to 7, however, no obvious change was observed in the 
range of pH 7–8 (Fig. S11), which should be suitable for bioimaging in 
living cells. 

The response time of the probe toward HSO3
− /SO3

2− was recorded 
(Fig. S12). At room temperature, the reaction of the probe with HSO3

− / 
SO3

2− proceeded in the buffer solution leading to the fluorescence in
tensity ratios (I534/I610) gradually increasing and no longer change after 
12 min. The response of the probe toward HSO3

− /SO3
2− was in the better 

category (Table S2), which could meet well the requirement of real-time 
detection. 

Fig. 2. Fluorescence and bright field images of exogenous HSO3
− /SO3

2− in HeLa 
cells. (a) HeLa cells were pre-incubated with probe NBIS (5 μM) for 1 h, fol
lowed by NaHSO3 (0, 50, 100, 250, 500 and 1000 μM) for another 1 h. Scale 
bar: 20 μm. (b) The relative fluorescence intensity ratio of green/red. (λex =

405 nm; green channel: 405–580 nm; red channel: 580–700 nm; data are 
presented as the mean ± SEM, *p < 0.05, **p < 0.01, n = 3). 
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3.6. Cell imaging of NBIS 

After fluorescence properties of probe NBIS in the buffer solution for 
HSO3

− /SO3
2− was evaluated, the real-time detection of intracellular 

HSO3
− /SO3

2− was further achieved. According to SRB assay [47], the 
cytotoxicity of probe NBIS was primarily evaluated. The results revealed 
that the probe had no obvious cytotoxicity in HeLa cells (Fig. S13). The 
photostability of a probe in living cells is another crucial factor. 
Therefore, the photostability of probe NBIS in HeLa cells was put to the 
test, and the results revealed that the probe was photostable within 3 
min (Fig. S14). The results showed that probe NBIS was suitable for 

bioimaging application. 
The real time imaging of exogenous HSO3

− /SO3
2− in HeLa cells was 

investigated by the use of probe NBIS. HeLa cells were incubated with 
probe NBIS (5 μM) for 1 h and treated with exogenous HSO3

− /SO3
2− (0, 

50, 100, 250, 500 and 1000 μM) respectively for 1 h. The imaging 
showed that the red fluorescence in 580–700 nm channel decreased 
gradually and the green fluorescence in 405–580 nm channel enhanced 
obviously as the increment of HSO3

− /SO3
2− (Fig. 2). The fluorescence 

intensity ratio (green/red) enlarged clearly along with the concentration 
increase of HSO3

− /SO3
2− , and even 6-fold enhancements (Fig. 2). 

Therefore, probe NBIS could realize real time and ratiometric detection 

Fig. 3. (a) The first column: HepG2 cells were treated with probe NBIS (5 μM) 
for 1 h; The second column: HepG2 cells were pre-treated with GSH (500 μM) 
and Na2S2O3 (250 μM) for 1 h before incubated with probe NBIS (5 μM) for 
another 1 h; The third column: HepG2 cells were pre-cultured with GSH (500 
μM) for 1 h, and then cultured with probe NBIS (5 μM) for 1 h; The fourth 
column: HepG2 cells were treated for 1 h with GSH (500 μM) and Na2S2O3 
(250 μM) after pre-treatment with TNBS (10 mM) for 20 min, followed by probe 
NBIS (5 μM) for 1 h. Scale bar: 20 μm. (b) The fluorescence ratio of Green/Red 
of column 1, 2, 3 and 4 in (a). (λex = 405 nm; green channel: 405–580 nm; red 
channel: 580–700 nm; data are presented as the mean ± SEM, ***p < 0.001, n 
= 3). 

Fig. 4. (a) L-O2 cells were incubated with probe NBIS (5 μM) for 1 h, then with 
GSH (500 μM) and Na2S2O3 (250 μM) or NaHSO3 (100 and 500 μM) for another 
1 h. (b) The relative ratio (Green/Red) of fluorescence intensity of column 1, 2, 
3 and 4 in (a). Scale bar: 20 μm. (λex = 405 nm; green channel: 405–580 nm; red 
channel: 580–700 nm; data are presented as the mean ± SEM, **p < 0.01, ***p 
< 0.001, n = 3). 
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of HSO3
− /SO3

2− in living cells. 
The ratiometric imaging of endogenous HSO3

− /SO3
2− in living HepG2 

cells was fulfilled by probe NBIS. It is well known that endogenous SO2 
derivatives in mammalian liver cells could generate through thiosulfate 
sulfurtransferase (TST) catalyzed reaction of thiosulfate (Na2S2O3) and 
glutathione (GSH). Thus, HepG2 cells were firstly pre-cultured with 
probe NBIS (5 μM) for 1 h, and incubated with GSH (500 μM) and 
Na2S2O3 (250 μM) for 1 h, then confocal imaging was conducted. The 
results indicated that the cells showed an obvious bright green fluores
cence and receded red fluorescence (Fig. 3 (a)). As a comparison, no 
obvious changes in the fluorescence of HepG2 cells loaded with probe 
NBIS and hatched with only GSH were observed. To further verify 
endogenous HSO3

− /SO3
2− in living HepG2 cells leading the changes in the 

fluorescence, 2,4,6-trinitrobenzenesulphonate (TNBS), a common in
hibitor of the TST enzyme, was used. After HepG2 cells were hatched 
with TNBS (10 mM) for 20 min, followed by the treatment with GSH 
(500 μM) and Na2S2O3 (250 μM) for 1 h, the cells were incubated with 
probe NBIS (5 μM) for 1 h. The imaging showed no clear fluorescence 
variation. Compared with other test groups, the relative ratio (green/ 
red) of the fluorescence intensity of HepG2 cells treated with Na2S2O3 
and GSH exhibited clear variations and even 5-fold enhancements (Fig. 3 
(b)). Therefore, probe NBIS could be successfully applied to image 
exogenous and endogenous HSO3

− /SO3
2− in living cells. 

Our previous work illustrated that the concentration of the endoge
nous HSO3

− /SO3
2− was higher in liver cancer cells than that in normal 

liver cells [48,49]. In the present, for L-O2 cells loaded with probe NBIS 
and incubated with GSH and Na2S2O3 for 1 h no obvious changes were 
recorded (Fig. 4). Therefore, the level difference of endogenous 
HSO3

− /SO3
2− from liver cancer cells and normal liver cells was further 

verified by probe NBIS. 
Organelle-targeted fluorescent probes for bioactive species imaging 

are of great significance to research the biological roles of these mole
cules [41]. In this work, ER-targeted fluorescent probe NBIS for 

monitoring of HSO3
− /SO3

2− was discovered unexpectedly (Fig. 5). The 
endoplasmic reticulum (ER) is an important site for protein and lipid 
synthesis, calcium homeostasis and detoxification of poisonous sub
stances [50]. It is reported that SO2 preconditioning has a protective 
effect on rat myocardial ischemia/reperfusion injury and this process 
involves endoplasmic reticulum stress (ERS) [51]. SO2 derivatives in 
liver tissue increased xanthine oxidase activity, induced ER stress and 
caused caspase activation [52]. Therefore, ER-targeted fluorescent 
probe NBIS could be useful for exploring physiological and pathological 
functions of SO2 derivatives. 

4. Conclusion 

A new FRET-based fluorescent probe was constructed by the union of 
a naphthalimide fluorophore and a benzoindole-based hemicyanine 
fluorophore. The probe could detect HSO3

− /SO3
2− in ratiometric fluo

rescence manner with good selectivity and sensitivity. The probe could 
be excited by visible light and showed a satisfied energy transfer effi
ciency and clear spacing of two emission peaks. Moreover, the probe 
could target effectively the endoplasmic reticulum and was successfully 
used to image the endogenous and exogenous HSO3

− /SO3
2− in living cells. 
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