
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 5

/9
/2

02
6 

12
:0

7:
45

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A novel fluoresce
aKey Laboratory of Chemical Biology and

(Ministry of Education), College of Chemi

Normal University, Changsha 410081, C

haitaoli@hunnu.edu.cn
bKey Laboratory of Marine Biotechnology o

Ningbo, Zhejiang 315211, China

† Electronic supplementary information
detection limit, absorption and uoresce
HRMS. See DOI: 10.1039/c7ra08707a

Cite this: RSC Adv., 2017, 7, 46148

Received 7th August 2017
Accepted 23rd September 2017

DOI: 10.1039/c7ra08707a

rsc.li/rsc-advances

46148 | RSC Adv., 2017, 7, 46148–4615
nce turn-on probe for the
selective detection of thiophenols by caged
benzooxazolidinoindocyanine†

Guoxing Yin,a Ting Yu,a Tingting Niu,b Peng Yin, *a Haimin Chen,b Youyu Zhang,a

Haitao Li *a and Shouzhuo Yaoa

Based on a strategy involving 2,4-dinitrophenyl ether and functionalized caged

benzooxazolidinoindocyanine, a fluorescence turn-on probe for the selective detection of thiophenols

was developed. Using the chemical properties of thiophenols, which are able to induce aromatic

nucleophilic substitution (SNAr), and the principle of chemical-reaction-induced skeletal rearrangement,

the probe (PBO) exhibits excellent selectivity for thiophenols with a detection limit of 7 nM. This probe

features dramatic color changes and a significant fluorescence turn-on response (120 fold) after being

treated with thiophenol. The applications of this new probe were demonstrated by the detection of

thiophenol in real water samples and by fluorescence imaging of thiophenol in BEL-7402 cells.
Introduction

Thiophenols are extensively used in organic synthesis for
preparing various products in the agrochemical, pharmaceu-
tical and dye industries.1–4 Although aliphatic thiols, such as
cysteine, homocysteine and glutathione, are important biolog-
ical molecules with a range of biological functions,5–9 thio-
phenols are a class of highly toxic and polluting compounds.
The studies of their toxicity in sh and mouse reveal that the
median lethal dose (LC50) values range from 0.01 to 0.4 mM or
46.2 mg kg�1.10,11 Prolonged exposure to thiophenol liquid and
vapor in water or soil is highly detrimental to human health,
and triggers a series of serious systemic injuries, including
damage to the central nervous system, muscle weakness and
even death.12,13 Considering their high toxicity and the emerging
concerns about the environment, easy, simple, rapid and highly
sensitive and selective methods for the detection of thiophenols
are therefore of great importance in both environmental and
biological sciences.

Recently, uorescent probes have attracted great attention
due to their easy operation, high sensitivity, high selectivity and
low cost.14 Though there are many uorescent probes for thiols
have been developed in the past few decades,15–18 Wang and co-
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workers reported the rst uorescent probe for selective
detection of thiophenols over aliphatic thiols, which was based
on sulfonamide that was cleaved by a thiolate anion through an
SNAr process.19 Since then, a variety of uorescent probes have
been developed to selectively discriminate thiophenols from
aliphatic thiols and been demonstrated in some applica-
tions.20–31 However, most of these probes are based on nucleo-
philic reactions with sulfonamide, sulfonate, or the ether group
with thiolate anions of aromatic thiols, resulting in colorimetric
or uorometric responses. But the probes containing sulfon-
amide and sulfonate groups always release toxic SO2 gas aer
the reaction with thiophenols and have low selectivity and
sensitivity for thiophenols. However, the group of 2, 4-dini-
trophenyl ether has several virtues for the development of
uorescent probes for thiophenols, such as good selectivity, low
detection limit, easy synthesis and low-cost.20,32–35 On the other
hand, selective uorescent probes for thiophenols over
aliphatic thiols are possible because the pKa value of thiophenol
is about 6.5, which is lower than that of aliphatic thiols (pKa of
ca. 8.5).24,32,36 Thus, cleavage of the groups of sulphonamide or
sulfonate or dinitrophenyl ether is more fast for thiophenols
than aliphatic thiols under pH 7–8.34,37

To our best knowledge, most of the uorescent probes for
the detection of thiophenols were designed on the basis of
intramolecular charge transfer (ICT), photoinduced electron
transfer (PET), through-bond energy transfer (TBET) and uo-
rescence resonance energy transfer (FRET) mechanism. In this
work, we describe a selective probe PBO for thiophenols based
on benzooxazolidinoindocyanine-conjugated phenol. And the
phenol moiety is caged with a 2,4-dinitrophenyl group for the
selective recognition of thiophenols. Aer the addition of thi-
ophenols, probe PBO exhibited rapid and dramatic uorescence
This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Strategic approaches to the optical probes.
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turn-on responses and obvious color changes. It features high
selectivity for thiophenols over aliphatic thiols and NaHS by
benzooxa-zolidinoindocyanine-to-hydroxyindolium trans-
formation (Scheme 1). This chemical-reaction-induced skeletal
rearrangement system (Scheme 1a) is contrast to the functional
group transformation system developed by Chang et al.
(Scheme 1b),38–40 and the light or thermal driven transformation
system pioneered by Raymo et al. (Scheme 1c).41–43 Through the
skeletal rearrangement of probe PBO, dramatic color changes
and strong uorescence responses (120 fold) have been
exhibited in the presence of chemical inducer thiophen-ols,
along with excellent selectivity for thiophenols and a low
detection limit of 7 nM. The probe PBO was also successfully
applied to the detection of thiophenol in water samples and
uorescent imaging of thiophenol in living cells.

Experimental
Materials and instrumentation

The chemicals were purchased from Aladdin (Shanghai, China)
and used without further purication. Solvents used were
puried by standard methods prior to use. Double-distilled
water was used for all experiments. UV-vis absorption spectra
were collected on a UV-2450 spectrophotometer (Shimadzu Co.,
Japan). Fluorescence spectra were recorded on TECAN-M1000
spectrophotometer (Tecan, Switzerland). The 1H NMR and 13C
NMR spectra were obtained with tetramethyl silane (TMS) as the
internal standard on a BRUKER AVANCE-500 spectrometer and
the chemical shis (d) were expressed in ppm and coupling
constants (J) in hertz. IR spectrum was recorded on NEXUS as
KBr pellets and were reported in cm�1. High resolution mass
spectrometric (HRMS) was performed using an AB TripleTOF
5600+ mass spectrometer (U.S AB SCIEX, CH3OH was used for
the HRMS). Thin layer chromatography (TLC) analysis was
performed on silica gel plates and column chromatography was
conducted over silica gel (mesh 200–300). All pH measurements
were carried out on a Model pHS-3C pH meter (Shanghai,
China). The probe PBO was characterized by 1H NMR, 13C NMR,
IR and HRMS (Fig. S12–14 in ESI†). The uorescence imaging of
cells was conducted on an inverted uorescence microscopy
(NIKON Eclipse Ti-S, Japan).
This journal is © The Royal Society of Chemistry 2017
Synthesis of 3-(2-hydroxyethyl)-1,1,2-trimethyl-1H-benzo[e]
indol-3-ium bromide (1)

2,3,3-Trimethylbenzoindolenine (10.00 g, 47.78 mmol) and 2-
bromoethanol (7.17 g, 57.34 mmol) were dissolved in acetoni-
trile (40 mL). The mixture was stirred and reuxed for 24 h until
no starting materials were indicated by TLC. The reaction
mixture was cooled to room temperature and needle-like crys-
tals were formed. Then the solid was ltered, washed with ether,
and dried under vacuum to give the target compound (10.1 g,
63.2%). 1H NMR (500 MHz, DMSO-d6) d 8.38 (d, J ¼ 8.4 Hz, 1H),
8.28 (d, J ¼ 8.9 Hz, 1H), 8.21 (d, J ¼ 8.2 Hz, 1H), 8.17 (d, J ¼
8.9 Hz, 1H), 7.78 (m, 1H), 7.72 (m, 1H), 4.74 (t, J ¼ 4.9 Hz, 2H),
3.94 (t, J ¼ 5.1 Hz, 2H), 2.95 (s, 3H), 1.78 (s, 6H). 13C NMR (126
MHz, DMSO-d6) d 198.14, 139.12, 137.29, 133.45, 130.95, 130.18,
128.84, 127.67, 123.87, 114.03, 58.44, 56.05, 51.02, 22.10, 14.83.
Synthesis of (E)-3-(2-hydroxyethyl)-2-(4-hydroxystyryl)-1,1-
dimethyl-1H-benzo[e]indol-3-ium bromide (2)

To a solution of compound 3-(2-hydroxyethyl)-1,1,2-trimethyl-
1H-benzo[e]indol-3-ium bromide (3.00 g, 8.98 mmol) and 4-
hydroxybenzaldehyde (1.32 g, 10.77 mmol) in ethanol (25 mL)
was added a few drops of piperidine. Themixture was stirred for
overnight at room temperature until all of the starting
compounds were consumed. Then the residue was ltered and
washed with cold ethanol three times. The solid was dried
under vacuum to give the orange product (3.1 g, 78.8%). 1H
NMR (500 MHz, DMSO-d6) d 10.78 (s, 1H), 8.49 (d, J ¼ 16.2 Hz,
1H), 8.41 (d, J ¼ 8.5 Hz, 1H), 8.25 (d, J ¼ 8.9 Hz, 1H), 8.20 (d, J ¼
8.2 Hz, 1H), 8.12 (d, J¼ 8.4 Hz, 2H), 8.07 (d, J¼ 8.9 Hz, 1H), 7.80
(t, J ¼ 7.7 Hz, 1H), 7.70 (t, J ¼ 7.5 Hz, 1H), 7.57 (d, J ¼ 16.2 Hz,
1H), 6.98 (d, J¼ 8.4 Hz, 2H), 5.24 (s, 1H), 4.87 (t, J¼ 5.0 Hz, 2H),
3.94 (t, J ¼ 5.0 Hz, 2H), 2.03 (s, 6H). 13C NMR (126 MHz, DMSO-
d6) d 183.49, 163.04, 152.62, 138.76, 137.67, 133.37, 132.90,
130.62, 129.97, 128.30, 126.89, 126.70, 126.07, 122.95, 116.40,
113.50, 109.40, 58.82, 53.48, 49.04, 25.94.
Synthesis of (E)-10a-(4-(2,4-dinitrophenoxy)styryl)-11,11-
dimeth-yl-8,9,10a,11-tetrahydrobenzo[e]oxazolo[3,2-a]indole
(probe PBO)

To a solution of compound (E)-3-(2-hydroxyethyl)-2-(4-hydrox-
ystyryl)-1,1-dimethyl-1H-benzo[e]indol-3-ium bromide (2)
(428 mg, 0.97 mmol), 2,4-dinitrouorobenzene (200 mg, 1.07
mmol) and anhydrous sodium carbonate (207mg 1.95 mmol) in
acetone (25 mL) was added a few drops of triethylamine. Then
the mixture was heated to reux for 5 h. Aer cooled to room
temperature, the residue was ltered and the ltrate was
concentrated to afford the crude product, which was puried by
ash column chromatography (PE : EA ¼ 10 : 1, v/v) to afford
the yellow probe PBO (300 mg, 58.7%). 1H NMR (500 MHz,
CDCl3) d 8.86 (d, J ¼ 2.7 Hz, 1H), 8.32 (dd, J ¼ 9.3, 2.8 Hz, 1H),
8.02 (d, J¼ 8.5 Hz, 1H), 7.83 (dd, J¼ 8.2, 1.2 Hz, 1H), 7.75 (d, J¼
8.6 Hz, 1H), 7.59 (m, 2H), 7.46 (ddd, J ¼ 8.4, 6.7, 1.3 Hz, 1H),
7.31 (ddd, J ¼ 8.0, 6.8, 1.1 Hz, 1H), 7.14 (dd, J ¼ 8.5, 5.8 Hz, 3H),
7.07 (d, J ¼ 9.2 Hz, 1H), 6.96 (d, J ¼ 15.9 Hz, 1H), 6.41 (d, J ¼
15.9 Hz, 1H), 3.86 (m, 2H), 3.63 (q, J ¼ 7.8, 7.8, 7.2 Hz, 1H), 3.53
RSC Adv., 2017, 7, 46148–46154 | 46149
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Scheme 2 Synthesis of probe PBO. Reagents and conditions: (a)
CH3CN, reflux, 63.2%; (b) piperidine, absolute ethanol, r.t., 78.8%. (c)
Na2CO3, triethylamine, acetone, reflux, 58.7%.
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(dt, J¼ 12.2, 8.3 Hz, 1H), 1.82 (s, 3H), 1.41 (s, 3H). 13C NMR (126
MHz, CDCl3) d 156.24, 153.25, 147.55, 135.29, 131.19, 131.04,
130.41, 129.98, 129.60, 129.39, 129.11, 128.94, 127.52, 126.55,
123.05, 122.32, 122.27, 120.93, 118.70, 114.08, 110.30, 63.69,
50.36, 49.91, 26.63, 21.80. IR (KBr pellet, cm�1): 3274, 2971,
2883, 1619, 1535, 1470, 1342, 1263, 1193, 926, 821, 746. HRMS:
m/z calcd for C30H25N3O6 [M + H]+ 524.1821; found 524.1821.

General procedure for UV-visible and uorescence
measurements

UV-vis absorption and uorescence spectra studies were con-
ducted in a mixture solution of CH3CN/PBS (10 mM, pH ¼ 7.4,
5 : 5, v/v). Probe PBO was dissolved in dimethyl sulfoxide
(DMSO) to get the stock solution (1 � 10�3 M). Deionized water
was used to prepare stock solutions (1 � 10�2 M) of NaF, NaCl,
NaBr, NaNO3, NaNO2, NaOAc, Na2CO3, NaHCO3, Na2SO4,
Na2SO3, NaHSO4, NaHSO3, Na2S2O3, Na2S2O8, NaCN, NaHS,
NaOCl, Na3PO4, Cys and GSH. DMSO was used to prepare stock
solution (1 � 10�2 M) of p-nitrophenol, 4-chlorothiophenol, 2-
aminothiophenol, p-toluenethiol, aniline and thiophenol.
These stock solutions were further diluted to required concen-
tration for measurement. Test solution was prepared by placing
20 mL of the stock solution and an appropriate aliquot of each
specie solution into a 2 mL sample tube, and the solution was
diluted to 2mL with CH3CN containing 50% PBS buffer. Spectra
data were recorded in an indicated time (20 min) aer the
addition of analytes.

Cell culture and uorescence imaging

The BEL-7402 cells obtained from China Center for Type Culture
Collection (Wuhan, China) were cultured in a humid atmo-
sphere of 5% CO2 at 37 �C in Dulbecco's modied eagle medium
(DMEM) supplemented with 10% heat-inactivated fetal bovine
serum (FBS) and streptomycin/penicillin (100 mg mL�1). Cell
cytotoxicity was evaluated by MTT assay. Cells were cultivated in
a 96-well plate until 50–70% conuence, and then incubated
with different concentrations of PBO (0–10 mM) for 24 h. Then 20
mL 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide
(MTT, 0.5 mg mL�1) was added for 4 h at 37 �C. Aer removing
the MTT, 150 mL DMSO was added. Absorbance wasmeasured at
492 nm with a Varioskan Flash (Thermo Fisher Scientic, Wal-
tham, MA, USA). All experiments were repeated three times, and
the data are presented as the percentages of the experimental
viability of the treated cells compared with that of the control
cells. 70–80% conuent cell monolayers in 24-well plate were
exposed to 10 mM probe PBO for 30 min at 37 �C. For another
group of cells, aer cells were exposed to probe PBO for 30 min,
thiophenol (0.05 mM) was added and incubated for another
30 min at 37 �C, then washed with phosphate-buffered saline
(PBS) for three times.

Results and discussion
Design and synthesis of the probe

FromWang's work,36 we know that 2,4-dinitrophenyl derivatives
are essential for the high reactivity and selectivity of the
46150 | RSC Adv., 2017, 7, 46148–46154
thiolate-mediated SNAr reaction and serve as an effective
quencher of the PET or ICT sensor. We hypothesized that the
reaction of the nucleophilic oxygen group with an electron-
withdrawing 2,4-dinitrophenyl and caged benzoox-
azolidinoindocyanine would result in a nonuorescent mole-
cule. The resulting 2,4-dinitrophenyl ether could be readily
cleaved by thiophenol and underwent a chemical-reaction-
induced skeletal rearrangement process under the physiolog-
ical pH conditions through SNAr reaction, and a uorescence
turn-on would happen. Moreover, under the advantages of the
unique reactivity prole and rational design, the uorescent
probe features of high sensitivity and selectivity for thio-
phenols, which is based on chemical-reaction-induced skeletal
rearrangement. Due to cyanine derivatives' excellent photo-
physical properties, outstanding biocompatibility, and low
toxicity to living systems,44 probe PBO was designed and easily
synthesized by using cyanine derivatives as the uorophore
moiety. And the group of 2,4-dinitrophenyl ether was utilized
both as the selectivity recognition unit for thiophenols and
a uorescence quencher (Scheme 2).
Spectral properties of probe PBO

With probe PBO in hand, we rstly investigated its absorbance
in the absence and presence of thiophenol. The free probe PBO
exhibited near zero absorbance at 558 nm, while a well-dened
strong absorbance maximum at 558 nm was obtained aer
treated with 10 equiv. of thiophenol (Fig. 1a). And the color of
PBO solution was changed from colorless to red under visible
light (inset, Fig. 1a), which could be easily observed by naked
eyes. The effect of the ratio of acetonitrile with PBS buffer was
also examined, and it was found that 1 : 1 ratio would give the
best result (Fig. S1 in ESI†), for the skeleton-rearrangement
would be proceeded smoothly under water-contained condi-
tions. Correspondingly, the kinetic studies indicated that probe
PBO could be shortly reacted with thiophenol at room temper-
ature in physiological pH conditions (Fig. S2 in ESI†). It would
reach to a plateau aer 17 min. Therefore, reaction time of
20 min was selected to conduct the following experiments.
Notably, probe PBO exhibited almost near zero uorescence in
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) Absorption spectra of the probe PBO (10 mM) and probe PBO
(10 mM) with PhSH (10 equiv.) in CH3CN–PBS (10 mM, pH ¼ 7.4, v/v,
5 : 5) after 20 min at room temperature. (b) Fluorescence spectra of
probe PBO (10 mM) in the presence of different concentrations of PhSH
in CH3CN–PBS (10 mM, pH ¼ 7.4, v/v, 5 : 5). (lEx ¼ 530 nm, lEm ¼ 580
nm). Slit (nm): 10.0/10.0. Inset: (a) left: visual changes of probe PBO in
the presence of PhSH (10 equiv.) by naked eyes. Right: fluorescence
color change of probe PBO (10 mM) in 10 equiv. of PhSH under UV
lamp. (b) The linear changes of the fluorescence intensity of probe
PBO at 580 nm and as a function of PhSH concentration.
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the absence of thiophenol (lex ¼ 530 nm). While, aer the
treatment of thiophenol (100 mM, 10.0 equiv.), a signicant
uorescence turn-on at 580 nm (lex ¼ 530 nm) (120 fold) was
observed aer 20 min (Fig. S2 in ESI†). The absorption and
uorescence response of probe PBO to various concentrations
of thiophenol was further studied (Fig. S3 in ESI†). Drastic
uorescence increasement was displayed in a concentration
from 0 mM to 4 mM, and the linear correlation between the
thiophenol concentrations and uorescence intensities showed
the good sensitivity of probe PBO to thiophenol (Fig. 1b).
Another linear calibration graph for the response of probe PBO
to thiophenol concentrations ranging from 4 mM to 60 mM was
also obtained (Fig. 1b), indicating that probe PBO could be
potentially applied to quantitatively detect thiophenol with
a range from nanomolar to micromolar. The detection limit was
calculated to be as low as 7 nM (S/N ¼ 3) (Fig. 1b), which was
much lower than some reported probes.23,24,35,45 The comparison
of recently reported uorescent probes for thiophenols is
summarized in Table S1 (ESI†). Thus probe PBO showed
excellent performance for the sensing of thiophenol.
Fig. 2 (a) Histogram representing the fluorescence intensity changes
of probe PBO (10 mM) at 580 nm in the presence of different analytes
(10.0 equiv.), and (b) probe PBO at 580 nm in the presence of 10.0
equiv. of PhSH upon the addition of different analytes (10.0 equiv.) of
(1) black, (2) F�, (3) Cl�, (4) Br�, (5) NO3

�, (6) NO2
�, (7) OAc�, (8) HSO3

�,
(9) S2O8

2�, (10) SO4
2�, (11) SO3

2�, (12) HSO4
�, (13) HCO3

�, (14) S2O3
2�,
Effect of pH

To further evaluate the performance of the probe, we studied
the uorescence spectra of probe PBO in the absence and
presence of thiophenol in different pH. Encouragingly, we
found that almost no uorescence enhancement was observed
for probe PBO under pH ranging from 2.0 to 10.0, indicating
that probe PBO was very stable with a wide range of pH. In
contrast, bigger uorescence increasement was observed when
pH was 6.0 to 8.0 due to the strong ionization of thiophenol,
which favoured the SNAr reaction (Fig. S4 in ESI†). These results
showed that probe PBO could be applied to the detection of
thiophenol under physiological pH condition.
(15) p-nitrophenol, (16) OCl�, (17) Cys, (18) aniline, (19) GSH, (20) CN�,
(21) PO4

3�, (22) CO3
2�, (23) HS�, (24) 2-aminothiophenol, (25) p-tol-

uenethiol, (26) PhSH, (27) 4-chlorothiophenol in CH3CN–PBS (10 mM,
pH ¼ 7.4, v/v, 5 : 5) with lex ¼ 530 nm, lem ¼ 580 nm. Slit (nm): 10.0/
10.0.
Selectivity and interference

The selectivity of probe PBO is crucial to the sensing of thio-
phenol in complex environments. Various analytes including
This journal is © The Royal Society of Chemistry 2017
thiophenol derivatives (thiophenol, 2-aminothiophenol, p-tol-
uenethiol and 4-chlorothiophenol), aliphatic thiols including
cysteine (Cys) and glutathione (GSH), other potential interfering
substances such as NaF, NaCl, NaBr, NaNO3, NaNO2, NaOAc,
NaHSO3, Na2S2O8, Na2SO4, Na2SO3, NaHSO4, NaHCO3, Na2S2O3,
p-nitrophenol, NaOCl, aniline, NaCN, Na3PO4, Na2CO3 and
NaHS were investigated. Encouragingly, except thiophenols,
addition of other analyates induced no marked uorescence
turn-on (Fig. 2). Notably, aliphatic thiols, such as Cys and GSH,
did not trigger any uorescence response, which indicated that
probe PBO was highly selective for thiophenols. It should be
noted that PBO showed a small uorescence increasement to
NaHS (25 equiv.) (Fig. 2a), which meant that HS� could cleave
the dinitrophenyl ether via thiolysis reaction with low reaction
rate and it was also consistent with previous reports,46–48

Moreover, based on these results, the effect of competitive
species for the probe PBO with PhSH was also investigated, little
uorescence changes were observed except only small uores-
cence decreasement in the presence of NaHS (lex ¼ 530 nm, lem
¼ 580 nm) (Fig. 2b). Therefore, probe PBO possessed high
selectivity for the sensing of thiophenols and strong interfer-
ence immunity to other interfering species. In addition, obvious
color changes of the probe PBO solution was also observed only
with thiophenols under visible light (Fig. S5 in ESI†). All of these
results indicated that probe PBO holds the potential for the
selective detection of thiophenols in biology and environment.
Mechanism

In order to verify the mechanism for the probe PBO with thio-
phenol is indeed due to chemical-reaction-induced skeletal
rearrangement and the conversion of probe PBO to compound 2
as depicted in Scheme 3. Firstly, we performed 1H NMR titration
studies. Upon addition of excess PhSH to probe PBO, H0

a and
H0

b of probe PBO were changed from multi-peak to triple-peak.
H0

c and H0
d of probe PBO were also changed from two peaks to

a single peak, which is consistent with the spectrum of
compound 2 (Fig. 3). These results indicated that the thiolysis of
RSC Adv., 2017, 7, 46148–46154 | 46151
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Scheme 3 Proposed sensing mechanism.

Fig. 3 Partial 1H NMR spectra comparison of (a) probe PBO upon
treatment with excess PhSH in CD3CN and D2O (10/1, v/v). (b) Probe
PBO in CDCl3 and (c) compound 2 in DMSO-d6.

Table 1 Analyses of thiophenol concentrations in real water samples

Sample
Thiophenol
spiked (mM)

Thiophenol
recovered (mM) Recovery (%)

Xiang River 0 Not detected
0.05 0.049 � 0.011 98
0.5 0.505 � 0.013 101
5 4.88 � 0.094 98

Taozi Lake water 0 Not detected
0.05 0.048 � 0.009 96
0.5 0.49 � 0.019 98
5 4.89 � 0.14 98

Fig. 4 Fluorescence imaging of thiophenol in BEL-7402 cells using
probe PBO. (a) Bright field image of BEL-7402 cells incubated with 10
mM probe PBO for 30 min; (b) fluorescence image of cells treated with
10 mM probe PBO for 30 min; (c) bright flied image of BEL-7402 cells
exposed to 10 mM probe PBO for 30 min, subsequently incubated with
0.05 mM thiophenol for 30 min; (d) fluorescence image of BEL-7402
cells pretreated with 10 mM probe PBO for 30 min, subsequently
incubated with 0.05 mM thiophenol for 30 min. The fluorescence
images were captured with fluorescence microscope (lex ¼ 505 nm,
lem ¼ 512–558 nm for green channel). Scale bar: 20 mm.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 5

/9
/2

02
6 

12
:0

7:
45

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
dinitrophenyl ether and chemical-reaction-induced skeletal
rearrangement would be happened. In addition, the product of
the reaction of probe PBO with thiophenol was isolated by
column chromatography, and further conrmed by 1H NMR,
13C NMR, high resolution mass spectrometry analysis (Fig. S15–
17 in ESI†). Judging from NMR characterizations, it was noted
that the isolated product was the intermediate, which could be
stable under anhydrous conditions.49 Without water, the inter-
mediate only exhibited a small absorption band at 338 nm in
acetonitrile. However, along with the increase of water, a new
absorption band centred at 559 nm is observed, and a signi-
cant uorescence is enhanced at 580 nm (Fig. S6 in ESI†). This
skeletal rearrangement process was further demonstrated by 1H
NMR titration (Fig. S18 in ESI†). Thus, uorescent probe PBO
could be transformed by inducer thiophenol to afford strong
uorescent compound 2 under water contained conditions,
along with 120-fold uorescence enhancement.

Detection of thiophenol in water samples

In order to evaluate the practicality of this probe, we rstly
employed probe PBO to detect thiophenol in water samples
46152 | RSC Adv., 2017, 7, 46148–46154
from Xiang River and Taozi Lake. The water samples were
directly tested, and then spiked with different concentrations of
thiophenol (0.05 mM, 0.5 mM and 5 mM). As shown in the
Table 1, the recoveries of thiophenol were ranged from 96% to
101%. It was observed that thiophenol in water could be
measured with good recovery. And probe PBO could be applied
to the quantitative detection of thiolphenol and its analogues in
water.
Cell uorescence imaging of thiophenol

To further investigate the membrane permeability of probe PBO
and its ability to detect thiophenol in living cells, cell imaging
This journal is © The Royal Society of Chemistry 2017
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experiments were carried out. Firstly, the cytotoxicity of probe
PBO for BEL-7402 cells were investigated, and the results from
MTT assays showed that the cells remained higher viability
upon treatment with probe PBO (0–10.0 mM) as long as 24 h
(Fig. S7 in ESI†), indicating that probe PBO has low cytotoxicity
to living cells within a short time. Moreover, probe PBO showed
little uorescence response to other sulfur-containing species
such as SO2 derivatives, NaHS, Cys and GSH, which promised
the probe PBO for specic recognition of thiophenol in live
cells. Initially, BEL-7402 cells were treated with probe PBO. As
a control, uorescent images of BEL-7402 cells treated with and
without thiophenol were both taken and compared. It clearly
showed that the probe displayed non-uorescence without
thiophenol (Fig. 4b), while strong green uorescence was dis-
played aer treated with thiophenol (Fig. 4d). These results
demonstrated that probe PBO has good cell-permeability and
could be applied to detect thiophenols in living cells.
Conclusions

In summary, we have designed and synthesized a novel uo-
rescence turn-on probe based on 2,4-dinitrophenyl ether and
functionalized caged benzooxazolidinoindocyanine for the
selective detection of thiophenols. The probe PBO exhibited
rapid and signicant uorescence turn-on responses to thio-
phenols (120 fold) at physiological pH condition via the effective
thiolysis of dinitrophenyl ether and chemical-reaction-induced
skeletal rearrangement. The probe featured excellent selec-
tivity for thiophenols over aliphatic thiols and high sensitivity
with a very low detection limit (LOD ¼ 7 nM). In addition, this
probe could be applied to detect thiophenol in real water
samples and in living cells. Therefore, this work provides a new
uorescent probe for the rapid detection of toxic thiophenols in
environmental and biological samples.
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