
A
o

H
M
a

b

c

S
d

a

A
R
R
A
A

K
F
R
S
R
N

1

w
o
o
s
c
a
b
h
p
i

N

S

h
0

Sensors and Actuators B 247 (2017) 823–829

Contents lists available at ScienceDirect

Sensors  and  Actuators  B:  Chemical

jo ur nal home page: www.elsev ier .com/ locate /snb

 ratiometric  fluorescent  probe  based  on  the  pi-stacked  graphene
xide  and  cyanine  dye  for  sensitive  detection  of  bisulfite

uan  Yua,b,d,1,  Libo  Duc,1,  Lingmei  Guanc,  Kui  Zhangb,  Yingyun  Lib,  Houjuan  Zhub,
ingtai  Sunb,∗∗,  Suhua  Wanga,b,d,∗

School of Environmental and Chemical Engineering, North China Electric Power University, Beijing 102206, People’s Republic of China
Institute of Intelligent Machines, Chinese Academy of Sciences, Hefei, Anhui 230031, People’s Republic of China
State Key Laboratory for Structural Chemistry of Unstable and Stable Species, Center for Molecular Sciences, Institute of Chemistry, Chinese Academy of
ciences, Beijing 100190, People’s Republic of China
Department of Materials Science and Engineering, University of Science and Technology of China, Hefei, Anhui 230026, People’s Republic of China

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 13 December 2016
eceived in revised form 15 March 2017
ccepted 18 March 2017
vailable online 20 March 2017

eywords:
luorescent probe
atiometric

a  b  s  t  r  a  c  t

The  sensitive  and  selective  analytical  methods  for real-time  monitoring  of  sulfur  dioxide  and  its deriva-
tives  are significant  for  human  health,  pollution-control  and  food  safety.  Herein,  we report  a  new
nanocomposite  (Hex-FGO-DPS)  consisting  of cyanine  dye  and  fluorescent  graphene  oxide  with  unique
reactive  properties  for ratiometric  fluorescent  detection  of bisulfite.  The  ratiometric  fluorescence  of  Hex-
FGO-DPS  in  aqueous  solution  can  be  sensitively,  selectively  and  efficiently  tuned  by bisulfite  through  a
specific  nucleophilic  addition  reaction.  In  the  presence  of  bisulfite,  the  ratiometric  fluorescence  intensity
of  Hex-FGO-DPS  (F470nm/F580nm)  changes  up to  25  folds,  accompanied  by  a distinct  color  change  from  yel-
low  to  blue  which  can  be visually  identified.  The  detection  limit  was measured  to  be 0.44  �M. The  probe
ulfur dioxide
atio imaging
anocomposite

can  be  further  applied  for sensing  intracellular  bisulfite  through  the  ratiometric  fluorescence  imaging
analysis  in  living  cells.  In  addition,  the  probe  Hex-FGO-DPS  also  can  be used  for  selective  determination
of  gaseous  sulfur  dioxide  in atmosphere  and  aqueous  solution.  The  simple,  sensitive  and  effective  strategy
reported  here  could  facilitate  the  development  of  portable  and  reliable  sensor  for  visual  identification
applications.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Sulfur dioxide is a sulfur-containing molecule and air pollutant,
hich is derived from coal-fired industry and paroxysmal eruption

f volcano and also can be produced endogenously from oxidization
f sulfur-containing amino acids [1–3]. Sulfur dioxide in the atmo-
phere and in vivo is readily hydrated to bisulfite and sulfite, which
an cause a variety of respiratory diseases, cardiovascular diseases
nd even worse is lung cancer [4–6]. Due to the intrinsic antimicro-
ial and antioxidant properties, sulfur dioxide and its derivatives

ave been commonly used as additives in food, wine and drugs to
revent oxidation. Over-exposure to sulfur dioxide inhalation or

ntake of excess bisulfite and sulfite are serious to human health.

∗ Corresponding author at: School of Environmental and Chemical Engineering,
orth China Electric Power University, Beijing 102206, People’s Republic of China.

∗∗ Corresponding author at: Institute of Intelligent Machines, Chinese Academy of
ciences, Hefei, Anhui 230031, People’s Republic of China.

E-mail addresses: mtsun@iim.ac.cn (M.  Sun), shwang@iim.ac.cn (S. Wang).
1 These authors contributed equally to this work.

ttp://dx.doi.org/10.1016/j.snb.2017.03.101
925-4005/© 2017 Elsevier B.V. All rights reserved.
Therefore, the contents of bisulfite and sulfite as food additives have
been strictly restricted by food safety regulations. Therefore, new
sensitive analytical methods for sulfur dioxide and its derivatives
have significance for food and pharmacy quality control, environ-
mental protection, and biological study in vivo. Some conventional
methods have been reported for the detection of sulfur dioxide
and its derivatives by using different signal recognition strategies,
such as chromatograph [7–9], electrochemistry [10,11], capillary
electrophoresis [12–14] and absorption spectrophotometry. Com-
pared with these methods, fluorometry based methods show high
sensitivity and optical signal output, which have the capability
for visualization. A few fluorescent probes for sulfur dioxide and
its derivatives have been reported based on nucleophilic addition
[15–23], deprotection of levulinate group [24,25], complexation of
azo group [26,27] and sulfitation of aldehydes [28–31]. Herein, we
synthesize a ratiometric fluorescent probe by integrating graphene

oxide and cyanine dye and demonstrate the application for sensi-
tive detection and visualization of sulfur dioxide and its derivatives
in vivo.

dx.doi.org/10.1016/j.snb.2017.03.101
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2017.03.101&domain=pdf
mailto:mtsun@iim.ac.cn
mailto:shwang@iim.ac.cn
dx.doi.org/10.1016/j.snb.2017.03.101
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Graphene oxide (GO) is a two-dimensional nanomaterial
erived from graphite and has been extensively explored for
pplications in biomedicine, catalysis, electronics, and so forth.
raphene oxide has rarely been investigated in sensing applications
ecause of its relatively low fluorescence quantum yield (QY). Blue
uorescent GO can be produced by modifying the superficial epoxy
nd carboxylic groups with alkylamines, restrain the non-radiative
ecombination of localized electron-hole (e-h) pairs [32–37]. The
arge conjugated system made GO as a nanocarrier such that it

ay engage fluorophores, nucleic acid, and peptide through a full
omplement of noncovalent interactions. The nanocarrier func-
ion of GO can readily interact with aryl compounds through
–� stacking interaction [38–40]. The architecture interaction of
rapheme oxide and aryl compound can be devised for new ana-
ytical approaches.

Herein, we designed a new ratiometric fluorescent sensor for
aseous sulfur dioxide, bisulfite and sulfite in atmosphere and liv-
ng cells. We  first synthesized a cyanine derivative (DPS) containing
n alkene unit as bisulfite recognition site, and then assemble the
yanine derivative on the surface of hexamethylendiamine mod-
fied fluorescent GO (Hex-FGO) through electrostatic interaction.
ased on cyanine dye, a few of redox-responsive fluorescent probes

or ROS have been designed [41–43]. The obtained ratiometric flu-
rescent probe (Hex-FGO-DPS) has a unique reactivity to bisulfite
nd produced distinctive fluorescence color variation from yellow
o blue. The molecular structure of DPS and its complex with Hex-
GO is displayed in Scheme 1. With the assistance of Hex-FGO,
he nanocomposite Hex-FGO-DPS exhibits a sensitive ratiomet-
ic response toward bisulfite than free chemodosimeter DPS. Such
aterial has also been successfully applied for the ratiometric flu-

rescence imaging of bisulfite in living cells.

. Materials and methods

.1. Materials

The chemicals included reactants, metal ions and inorganic
nions were obtained from the commercial sources (Sigma Aldrich
r Aladdin) and used directly without further purification unless
pecified. All kinds of organic solvent were purchased from
inopharm Chemical reagent co., Ltd (Shanghai) and purified and
ried by a standard method for purification and drying. Aqueous
olutions were all prepared using ultrapure water (18.2 M� cm)
rom a Millipore water purification system and all glassware were
leaned with ultrapure water, and then dried before use. Standard
O2 gas was purchased from Nanjing Special Gas Factory Co. Ltd.
tandard NO and NO2 gas were purchased from Changzhou Jinghua
ndustrial Gases Co., Ltd.

.2. Instrumentation and methods

Fluorescence measurement was recorded on a Perkin-Elmer LS-
5 luminescence spectrometer (Liantriant, UK) equipped with a
lotter unit and a quartz cell (1 cm × 1 cm). UV–vis absorption was
ecorded at room temperature on a Shimadzu UV-2550 spectrom-
ter. Photographs were taken with a canon 350D digital camera.
H values are measured by PHS-3C pH meter. 1H NMR  spectra
ere measured using a Varian Mercury-400 NMR  spectrometer,

nd Mass spectra were performed on a Thermo Proteome X-LTQ MS
ass spectrometer in ES positive or negative mode. Silica gel-60

230–400 mesh) was used as the solid phases for column chro-

atography. Thin-layer chromatography (TLC) was performed by

sing Merck F254 silica gel-60 plates. TLC plates were viewed with
V light within the wavelength of 365 nm.  Confocal images were

canned by Laser Confocal Microscopy (OBSERVER Z1, ZEISS) and a
rs B 247 (2017) 823–829

60 × oil-immersion objective lens. MCF-7 (Michigan Cancer Foun-
dation −7) was purchased from American Type Culture Collection
(ATCC). They were cultured in the DMEM with 10% fetal bovine
serum (FBS) at 37 ◦C in humidity incubator containing 5% CO2.

2.3. Synthesis of 2, 3, 3-Trimethyl-1-(3-sulfonatepropyl)-3H
indolium

2,3,3-trimethylindolenine (2 g, 12.56 mmol) was first added to
a solution of 1,3-propane sultone (422 mg, 3.45 mmol) in 1, 2-
dichlorobenzene (3 mL). The reaction mixture was stirred at 120 ◦C
for 18 h. The purple precipitate (804 mg,  91%) was  collected by fil-
tration and washed with cold diethyl ether and dried in vacuo.

2.4. Synthesis of (E)-3-(2-(2-(6-methoxynaphthalen-2-yl)vinyl)-
3,3-dimethyl-3H-indolium-1-yl)propane-1-sulfonate
(DPS)

A mixture of 6-methyl-2-naphthaldehyde (0.06 mmol) and
indolium derivative (0.07 mmol) was  dissolved in 15 mL  ethanol.
Then several drips of piperidine was  added in the reaction mixture
and stirred for 4 h at 80 ◦C under a nitrogen atmosphere. After reac-
tion, the mixture was concentrated by evaporation under reduced
pressure. The crude product was purified on silica gel chromatog-
raphy eluted with dichloromethane/methanol (10:1 v/v) to give
the desired product as an orange solid. Yield (60.2%). HR-MS: m/z
calcd for C26H28NO4S [M+H]+, 450.1739; found 450.1735. 1H NMR
(400 MHz, DMSO) ı 8.79 (s, 1H), 8.62 (d, J = 15.9 Hz, 1H), 8.42 (d,
J = 8.7 Hz, 1H), 8.12-7.94 (m,  4H), 7.89 (d, J = 6.7 Hz, 1H), 7.63 (s,
2H), 7.48 (s, 1H), 7.30 (d, J = 9.1 Hz, 1H), 4.90 (s, 2H), 3.95 (s, 3H),
2.72 (s, 2H), 2.23 (s, 2H), 1.85 (s, 6H). 13C NMR  (101 MHz, DMSO)
ı 182.12, 160.46, 154.99, 144.27, 141.32, 137.64, 135.11, 131.71,
130.71, 129.55, 128.48, 128.21, 127.63, 125.99, 124.87, 123.52,
121.82, 120.22, 119.28, 115.54, 112.25, 107.15, 99.37, 56.05, 52.56,
49.81, 48.98, 47.71, 26.20, 20.62.

2.5. Synthesis of hexanediamine modified fluorescence graphene
oxide (Hex-FGO)

For the preparation of fluorescent grapheme oxide, graphene
oxide was  used as starting material prepared by a classical
Hummers method. Then hexanediamine modified fluorescence
graphene oxide was synthesized by a reported procedure (Zhu et al.,
2014). A solution of 30 mg  graphene oxide in 10 mL  DMF  was  added
in 30 mL  SOCl2 and then refluxed at 80 ◦C for 24 h. The under-
lying precipitate was collected and washed with anhydrous THF
twice and then centrifugation at 10000 rpm for 10 min. Then, the
prepared GO acyl chloride was dispersed in anhydrous tetrahydro-
furan and further added hexanediamine for stirring at 80 ◦C for 48 h.
After the reaction, final pale yellow supernatant was collected and
then dried by vacuum drier. 10 mg  of the obtained Hex-FGO was
re-dispersed in ethanol (20 mL)  to form light yellow suspension
(0.5 mg/ml) for further use.

2.6. In vitro detection of bisulfite by the nanocomposite

A mixture solution of DPS and Hex-GO was obtained by the
addition of 1.5 mg  of Hex-GO to 3 mL  of DPS (5 mM)  ethanol solu-
tion to get a nanocomposite Hex-FGO-DPS. Generally, 2 �L of stock
solution of Hex-FGO-DPS (5 mM)  in ethanol was diluted in 2.0 mL
of 50 mM phosphate buffer (pH 7.0) to obtain a final concentra-

tion of 5 �M.  The concentration of nanocomposite was defined as
the concentration of DPS in the nanocomposite ethanol solution.
GSH, Cys, F−, I−, NO2

−, AcO−, HPO4
−, S2O3

−, S2O8
−, SCN− were

freshly prepared with a stock solution concentration of 20 mM.
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addition of HSO3
− (Fig. S10). Clearly, the proton signal at ı 1.79

(Hc) of the two methyl groups CH3 shifts forward and splits into
two signals (Hc′ , at ı 1.45 and 1.57) after reaction with HSO3

−. The

Fig. 1. Blue line: Fluorescence spectra of 5 �M DPS in PBS 7.0 before and after
adding 35 �M HSO3

− . Red line: Fluorescence emission spectra of 5 �M Hex-FGO-
Scheme 1. Schematic illustration of the nanocompos

ulfide solution was prepared with a stock solution concentra-
ion of 10 mM.  All fluorescence spectra were recorded in the range
rom 400 to 730 nm using a 370 nm excitation wavelength and a
00 nm/min scan rate.

.7. Confocal fluorescence imaging

For cell imaging of HSO3
−, MCF-7 cells were prepared in confo-

al plates (1 × 105 cells per well) and treated with 5% CO2 at 37 ◦C
n a humidity incubator for 24 h. For the control experiment, four
onfocal plates of MCF-7 cells were incubated with 10 �M of Hex-
GO-DPS at 37 ◦C for 4 h in DMEM medium supplemented with 10%
BS at 37 ◦C and 5% CO2, then washed with 1 mL  of phosphate buffer
aline (pH 7.4) twice. For the measurement process, different con-
entration of bisulfite were introduced to three of the plates with
nal concentration of 25 �M,  50 �M and 75 �M and incubated for
nother 0.5 h. The cell image were collected under excitation at
05 nm from the blue channel (460–480 nm)  and the yellow chan-
el (560–580 nm)  using laser confocal microscopy (OBSERVER Z1,
EISS) and a 60 × oil-immersion objective lens.

.8. The process for gas measurement

Nitric oxide (NO) and nitrogen dioxide (NO2) was prepared by
iluting the pure gas to target concentrations. CO gas was prepared
rom the reaction of HCOOH with concentrated H2SO4. H2S gas was
repared from the reaction between Na2S and 5 M diluted H2SO4.
H3 gas was prepared from the reaction of NH4Cl with Ca(OH)2.
3 gas was prepared from the ozonizer. Each prepared gas sample

103 ppm, NO was diluted in nitrogen gas) was bubbled into a probe
olution, followed by collecting the spectra and the fluorescence
hotos. The concentration of SO2 gas was measured by dissolving
O2 gas in ethanol and determined the concentration by measuring
he UV absorbance at 277 nm (� = 365 M−1 cm−1) using the Beer-
ambert law.

. Results and discussion

In the design strategy, unsaturated double bond was chosen
s the recognition site towards bisulfite through a specific nucle-
philic addition. The recognition site was easily produced through

 one-step reaction by using 6-methoxy-2-naphthaldehyde
nd 3-(2,3,3-trimethyl-3H-indolium-1-yl)propane-1-sulfonate in
thanol (Fig. S1). The introducing of sulfonate unit improved the
ater solubility. The chemical structure of DPS was confirmed by

SI–MS, 1H NMR  and 13C NMR  (Figs. S2–S4). The DPS has maximum
xcitation wavelength and maximum emission wavelength at 455

nd 580 nm,  respectively (Fig. S5). DPS displays an absorption max-
ma  at nearly 455 nm and its solution is yellow (Fig. S6). In addition,
he probe was not sensitive with the variation of pH value from 4
o 10 (Fig. S7). The reaction between bisulfite and a,�-unsaturated
be’s structure and recognition principle for bisulfide.

ketone via Michael addition destroys the п-conjugation of DPS,
which result in significant decrease in the absorption and emission
intensity The maximum absorbance at 455 nm decreased obviously
accompanied with the disappearance of yellow color. The variation
of fluorescence spectra further confirmed the structural transfor-
mation due to bisulfite. Clearly, DPS initially emits orange-yellow
fluorescence upon excitation at 450 nm,  when the amount of bisul-
fite increased, the orange-yellow fluorescence quenched greatly
(Fig. S8).

In order to investigate the reaction mechanism of DPS for HSO3
−,

the electrospray ionization mass spectrometric (ESI–MS) spectra
of DPS were systematically performed before and after adding
HSO3

−. The ESI–MS spectrum of DPS shows a dominating peak at
m/z = 450.18 (M+H)+, which is consistent with its molecular value
(Fig. S9). However, a new line at m/z = 530.04 (M)  appears after
reaction with bisulfite. It can be assigned to the addition product
because the value is close to the molecular weight of the product.
In addition, the sensing mechanism of DPS for bisulfite was  also
carefully examined by 1H NMR  spectral changes of the probe after
DPS  before and after adding 35 �M HSO3
− . The fluorescence spectra were recorded

with excitation at 370 nm.  The inset photos show the corresponding fluorescence
colors variation of DPS (a) and Hex-FGO-DPS (b) before and after adding HSO3

−

under a 365 nm UV lamp, respectively. (For interpretation of the references to colour
in  this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. (A) Ratiometric fluorescence spectra of Hex-FGO-DPS (5 �M)  upon the addition of HSO3
− (5–25 �M).  The below graph represents the fluorescence image of Hex-

F p. (B) 
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GO-DPS solution upon the addition of different amounts of HSO3
− under UV lam

oncentration in the range from 5 to 25 �M.  F470 and F580 were the fluorescence
uorescence spectra were recorded with excitation at 370 nm.

roton signals (Ha, at ı 7.42, and Hb, at ı 7.26), which are assigned
o the double bond of DPS, also shift to ı 5.00 (Hb′ ) and ı 4.62 (Ha′ ),
espectively. The proton signals (Hd, at ı 4.82), which are assigned
o CH2SO3

− group, shift to ı 3.65 (Hd′ ). Moreover, a new signal
ppeared at ı 9.96 (He′ ), which can be explained by the nucleophilic
ttack toward the C-4 atom by HSO3

−. These results show that DPS
an readily react with bisulfite through specific nucleophilic addi-
ion reaction. Such reaction can be employed for the detection of
SO3

− with high specificity.
The result shows that DPS can readily react with bisulfite
hrough specific nucleophilic addition reaction. Such reaction can
e employed for the detection of HSO3

− with high specificity.
e then try to combine the fluorescence quenching of DPS and

ig. 3. The selectivity of the Hex-FGO-DPS (5 �M)  system toward various anions
nd mercaptoamino-acid. Gray bars represent the addition of 100 �M each other
pecies (25 �M of HSO3

−) to a 5 �M solution of Hex-FGO-DPS, black bars represent
he subsequent addition of 35 �M HSO3

− to the solution. Excitation was provided
t  370 nm.
Plot of ratiometric fluorescence efficiency of Hex-FGO-DPS as a function of HSO3
−

sity of Hex-FGO-DPS at the wavelength of 470 nm and 580 nm, respectively. The

the stable fluorescence of graphene oxide to design a ratiomet-
ric method for bisulfite. Ratiometric method can enhance signal
sensitivity and eliminate ambiguities by interference from environ-
mental or instrumental efficiency. Thus we  introduced fluorescent
Hex-FGO as supporting material to transform a single fluorescence
quenching signal to ratiometric fluorescence signal. The fluores-
cent Hex-FGO consists of two types of groups at the lateral edge
and basal surface of GO nanosheets, such as alkylamides and 1, 2-
amino alcohols, respectively. The surface functional groups can be
supported by FT-IR spectra (Fig. S11). We  can see that the carboxylic
group bands at 1732 and 1250 cm−1 of original GO becomes weak
after the treatment with hexamethylenediamine, while a new band
near 1668 cm−1 appears which can be assigned to the C O stretch-
ing of amide bond [44]. The emerging band at 1460 cm−1 should
be assigned to the stretching vibration of CONH [45]. The C C
vibration of aromatic rings with characteristic band at 1623 cm−1

appear in both Hex-FGO and original GO samples, showing that
the typical sp2 hybrid withheld after the modification process.
The results suggest the covalent modification of hexamethylene-
diamine on the surface of GO through the amide reaction.

The excitation or absorption spectrum of DPS is partially over-
lapped with the emission spectrum of Hex-FGO (Fig. S12) and there
is a fluorescence resonance energy transfer (FRET) from Hex-FGO
to DPS, hence the system shows a bright yellow fluorescence from
DPS when excited under 370 nm.  Bisulfite can rapidly react with
DPS and break the conjugated system, which results in the blue-
shift of the product’s absorption and reduce the FRET efficiency
from Hex-FGO to the product. This process restores the fluores-
cence of Hex-FGO. Based on the above principle, we thus assemble
the fluorescent Hex-FGO and DPS to construct a ratiometric flu-
orescent nanocomposite probe for sensing sulfur dioxide, which
can produce fluorescence ratiometric variation. The nanocompos-
ite exhibited a unique signal response when compared with the
DPS compound alone. As shown in Fig. 1, the fluorescence intensity

of the DPS gradually decreased nearly 9.6 folds upon the addition
of HSO3

− in a “turn off” manner. However, the nanocomposite of
Hex-FGO-DPS has a maximum emission wavelength at 580 nm and
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Fig. 4. Confocal fluorescence imaging of (a) living MCF-7 cells incubated with 10 �M Hex-FGO-DPS for 30 min; (b)–(d) MCF-7 cells loading with 10 �M Hex-FGO-DPS and
f vely. T
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urther  incubated with 25 �M,  50 �M,  75 �M of HSO3
− for another 30 min, respecti

nd  the ratio overlay images (left to right). Excitation at 405 nm for collect image fro
f  the references to colour in this figure legend, the reader is referred to the web ve

 feeble emission wavelength at 470 nm.  When exposed to HSO3
−,

he emission intensity at 580 nm decreased due to the block of
RET process, accompanied by the emission intensity at 470 nm
nhanced. The ratiometric fluorescence intensity of Hex-FGO-DPS
F470nm/F580nm) changed near upon 25 folds. Clearly, the nanocom-
osite probe possesses two advantages. First, the Hex-FGO-DPS
resents dramatically fluorescence variation which is dependent
n the addition amount of HSO3

−. Second, more detailed compari-
on could be made with a distinct color change from yellow to blue
hich demonstrate that the ratiometric probe is more easily visu-

lized in a large color variation range than a single color regression
hange of individual DPS.

The dose-responsive manner of the Hex-FGO-DPS to HSO3
− has

een examined. Before addition of HSO3
−, the ratiometric probe

mits a distinct emission band centered at 580 nm (excitation
avelength 370 nm), which can be ascribed to the fluorescence of
PS. The emission band assigning to Hex-FGO seems very faint.
hen exposed to HSO3

−, the fluorescence intensity at 580 nm of
PS decreased greatly and the fluorescence intensity at 470 nm of
ex-FGO increased (Fig. 2A). Meanwhile, the fluorescence color of

he probe solution constantly evolved from yellow to green and

hen blue, due to the variation in the intensity ratio of the two
mission wavelengths (Fig. 2A, below). Therefore, the sensitive
olor change shows the feasibility of the Hex-FGO-DPS probe for
he four imaging columns represent the bright-field, blue channel, yellow channel,
 blue channel (460–480 nm)  and yellow channel (560–580 nm). (For interpretation
of this article.)

visual detection of HSO3
− under a UV lamp. Fig. 2B showed the

plot of ratiometric fluorescence change against the concentration
of HSO3

− ranging from 5 × 10−6 to 2.5 × 10−5 M,  which can be used
for the quantification of HSO3

− with a correlation coefficient of
0.9946. The limit of detection (LOD) was  found to be 0.44 �M which
was comparative with most reported bisulfite probes in phosphate
buffer (pH 7.0) based on the definition of three times the deviation
of the blank signal (3�).

In consideration of the comprehensive application of HSO3
−,

the effect of other bio-related anion and amino acid on ratiometric
fluorescence intensity of Hex-FGO-DPS was  investigated for their
potential existence in cellular environment. The results show that
other species including various anions and mercaptoamino-acid
showed little effect on the intensity ratio of the fluorescence of
the probe, as shown in Fig. 3. The sulfide solution can slightly
enhance the ratiometric fluorescence intensity, but the quench-
ing effect shows negligible variation as compared to that of
HSO3

−. In addition, the concentrations of the interfering anions and
mercaptoamino-acid are at least 3 times higher than that of HSO3

−,
no apparent interference was  observed in fluorescence intensity of
the probe solution. The results indicate that the Hex-FGO-DPS has

specific selectivity to HSO3

− and anti-interference ability towards
the coexistence of other species.
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Fig. 5. Ratiometric fluorescent response of 5 �M Hex-FGO-DPS towards various gas
species. Below: Color responses of Hex-FGO-DPS to different gas species under UV
lamp with excitation at 365 nm in phosphate buffer 7.0 solution. The final con-
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entration of SO2 was 300 ppm; NO, NO2, NH3, CO, O3 and H2S were 1 × 103 ppm,
espectively.

The potential application of the Hex-FGO-DPS for monitoring
he variation of HSO3

− level in living cells has been investigated
y confocal fluorescence imaging. First, the cytotoxicity of the
anocomposite to MCF-7 cells was determined by an MTT  assay
ith the concentrations of probe ranging from 0 to 20 �M (Fig.

13). Clearly, nearly 100% cell viability remained after incubation
ith 20 �M of the nanocomposite for 24 h, suggesting that probe

s almost nontoxic for MCF-7 cells. Then, Hex-FGO-DPS with fixed
oncentration was introduced to the MCF-7 cell medium and incu-
ated for 30 min. Under excitation at 405 nm,  the ratio images
f cell medium was collected from two channels (blue channel:
60–480 nm,  yellow channel: 560–580 nm). As shown in Fig. 4a, a
right yellow fluorescence signals in the yellow channel were gath-
red, which indicated that Hex-FGO-DPS had remarkable member
ermeability. However, nearly no intracellular fluorescence signals

n the blue channel were collected, suggesting that the intracellular
resence of FRET process still exist. When bisulfite was introduced,
he yellow fluorescence intensity gradually becomes darken and
ventually disappears, accompanied by brightening of blue fluores-
ence channel. The results indicate that Hex-FGO-DPS work well
or sensing intracellular HSO3

− changes through the ratiometric
uorescence imaging in living cells.

It is well known that sulfur dioxide can easily transfer to
ts derivatives bisulfite (HSO3

−) and sulfite (SO3
2−) (3:1 M/M,  in

eutral solution), we then discussed the ratiometric fluorescence
esponse of Hex-FGO-DPS toward gaseous SO2 in air. The fluo-
escence intensity of Hex-FGO-DPS at 580 nm and 470 nm were
radually changed through a meristic manner with the increased
mount of gaseous SO2 from 0 to 350 ppm, as shown in Fig. S14.

he signal responses to gaseous sulfur dioxide is nearly identical
ith that of HSO3

−, showing that Hex-FGO-DPS is also a power-
ul tools for the determination of gaseous SO2 in aqueous solution.
hen we evaluated the selectivity of Hex-FGO-DPS for identifying

[

rs B 247 (2017) 823–829

gaseous SO2 from other common gases, including NO, NO2, NH3,
CO, O3 and H2S at higher concentrations. The results showed that
these gases had no apparent spectral changes to the probe solution,
as illustrated in Fig. 5 variation. Accordingly, the fluorescence color
of the probe solution kept yellow after adding other gas species
except that adding SO2 turned blue. These results suggested that
Hex-FGO-DPS can be also used for visual detection of gaseous SO2
efficiently in complicated atmospheric samples.

4. Conclusion

In summary, we synthesized and prepared a new ratiometric
probe combined with cyanine dye and fluorescent graphene oxide
for sensitive detection of bisulfite and gaseous SO2. The as-prepared
probe emits bright yellow fluorescence in aqueous solution and
then distinctly changes to green and further blue with the addition
amount of HSO3

−. Therefore, the emission ratio of probe can be
used to quantitative measuring of HSO3

− and the limit of detection
was calculated as 0.44 �M in aqueous solution. Importantly, when
incubated the probe in MCF-7 cells, it exhibits multicolor images
from yellow to blue in the presence of HSO3

−. Moreover, the probe
also operated well for gaseous SO2 both in solution and air with
noticeable spectral and fluorescence color variation. This designed
method may  open the possibility for simply, accurately and feasibly
detecting of other gas molecules both in vitro and in vivo.
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