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Synthesis of Sulfonylhydrazone Type Probe with High Selectivity for
Rapid Detection of Mercury and Its Application in
Adsorption and HelLa Cell
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Abstract A novel sulfonylhydrazone Hg*" probe (4-(diphenylamino)benzylidene)benzenesulfonyl hydrazone (S1) was de-
signed and synthesized by condensation reaction between benzenesulfonyl hydrazide and 4-(diphenylamino)benzaldehyde.
Probe S1 exhibited a rapid response time, high selectivity and sensitivity fluorescent response to Hg”" in dimethyl sulfoxide
(DMSO)/H,0 (¥ : V=7 : 3, pH=7) solution. The possible mechanism was studied by '"H NMR and HRMS. Polyacrylamide
(PAM) doped S1 (PAMS) had high adsorption for Hg?" with removal rate of 99.99% and could easily be distinguished by the
naked-eye in UV lamp. And, the micro-morphology of PAMS before and after adsorption was observed by scanning electron
microscope (SEM). In addition, probe S1 had excellent biocompatibility and could primely detected Hg>" in HeLa cells.
Keywords sulfonylhydrazone; mercury; polyacrylamide doping; adsorption; HeLa cell

1 Introduction safety of human life and the protection of the environment,
it is necessary to detect and remove mercury ions effec-
tively.

At present, traditional detection methods of mercury ions,
including atomic absorption spectrometry, atomic fluo-
rescence spectrometry, electrochemical method and induc-
tive coupling, mostly depend on large apparatus, profes-

The presence of heavy metal ions such as mercury ion in
water can contaminate the food chain and have lethal effects
on vital organs, and accumulated mercury poisoning will be
generated, such as cerebral palsy, fatigue of the whole body,
dementia, which may even cause death if serious."" ! For the
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sional operators and involve high costs, which make these
unsuitable for on-site detection of mercury ion.”"" There-
fore, we need to find a simple method to detect mercury
ions. However, the spectrometric method has the ad-
vantages of simplicity, rapidity, low cost and high sensitiv-
ity, which is used in various fields.!"*'” In recent years, the
spectrometric method had attracted the attention of many
researchers because of its high selectivity, sensitivity, sim-
plicity and real-time usability.!"***! Until now, many ex-
cellent works about Hg®" sensors have been successfully
obtained through different designing thoughts by the in-
troduction of special functional groups to different optical
matrixes, and have displayed impressive probing perfor-
mance.***”) The main types of mercury ions probes are
rhodamine, fluorescein, carbohydrate and naphthalimide
compounds.”*** For example, Khan et al."? designed a
triazole incorporated fluorescent hexahydroquinoline ap-
pended calix arene probe, and it could be used to detect
Hg”" by ultraviolet and visible spectrophotometer. Zhao et
alP*! designed a probe, which was modified by sulfonating
cellulose and introducing carboxyl dithioacetyl. This probe
with aggregation-induced emission (AIE) effect could be
used to detect trace Hg®". Our group™ designed a novel
Schiff base probe by the condensation reaction of 4,4'-
(9a,13a-dihydrodibenzo[a,c]phenazine-10,13-diyl)diben-
zaldehyde and thiosemicarbazide, and the complexation
mechanism of the probe and mercury ions was investigated.
Although there are many kinds of sensors, but sulfonyhy-
drazone type sensors have not been reported. And the
preparation process of these sensors is complicated and
response time is long to mercury ions. More importantly, all
of these Hg”" sensors can only be detected, but not be
removed.*%

Now, the means of removing mercury ions include re-
duction, adsorption, ion exchange, sulfuration and elec-
trolysis.***" Among them, because of its convenience,
rapidity and low cost, adsorption have gradually become the
major ways and attracted extensive attention.'****) Nowa-
days, the adsorption materials are mainly polymer materi-
als, modified inorganic materials, montmorillonite or mod-
ified materials.****! For instance, through the thermal
modification of molybdenum disulfide surface, Song et
al™"" provided more oxygen atom active sites and the
complexation of mercury ions, which greatly improved the
adsorption performance of mercury ions in aqueous solu-
tion. Zhang et al.”® modified montmorillonite by impreg-
nation with CuO and CuCj,, and the removal rates of mer-
cury in soot were simulated to be 71% and 92%, respec-
tively. Yang et al.”* obtained new materials by introducing
carboxyl and hydroxyl groups into amine modified acti-
vated carbon, which could remove mercury ions in aqueous
solution. Although, there are many adsorbent materials.
Nevertheless, among the mercury ions adsorption materials,
sulfonylhydrazone doped materials have not been reported.
Herein, based on previous work of our laboratory, a novel
sulfonyl hydrazone probe S1 was synthesized by simple
condensation of benzene sulfonyl hydrazine with
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4-diphenylamino benzaldehyde (Scheme 1).343%364 Ag

compared to other probes reported before, sulfonyhydra-
zone based probes S1 displayed superiority from the
viewpoint of high selectivity, sensitivity and ease in detec-
tion. Moreover, this probe can be applied for the detection
of Hg*" in HeLa cells, which shows good biocompatibility
and can evidently enhance the fluorescence in live cells
imaging. In addition, it can be doped with polyacrylamide to
obtain a high-efficiency adsorption material for Hg**, and
the degree of adsorption can be observed by UV lamp,
indicating a wide and strong applicability in treatment of
mercury ions.

2 9 Ethanol
N CHO + S—=NH-NH, ———
@ 5 Reflux, 6 h

Scheme 1 Synthetic procedure of fluorescence probe S1

2 Results and discussion

2.1 Selective recognition of cations by fluorescent
probe $1

The response properties of S1 to cations (K", Fe**, Cd*",
Ag+, Zn2+, C02+, Al“, Hg2+, Cr3+, Cu2+, Pb2+, Mg2+, Ni2+,
Ba®", Ca’") were investigated by UV-Vis adsorption and
fluorescence emission. Figure 1a is the ultraviolet spectrum
of fluorescence probe S1 in the solution of DMSO/H,0.
Upon addition of ng " (10 equiv.), a slight batho-
chromic-shift at 364 nm was observed while adsorption
spectra of other ions remained basically unchanged. Fluo-
rescence response of S1 toward ions was also investigated
in the presence of 10-folds excess of various metal ions
(Figure 1b). It was found that the emission intensity of S1
decreased dramatically when Hg>" were added to the so-
lution. Based on the use of a UV lamp, the solution of S1
showed fluorescence quenching in the presence of Hg®",
which could easily be distinguished by the naked-eye
(Figure 1c).

2.2 Competitive experiments of fluorescent probe
S1 towards Hg*"

The environmental system typically detected by the
probe contained a variety of cations, which might affect the
detection of specific cations by the probe. In order to eval-
uate the selectivity of S1 towards Hg”*, competitive ex-
periments were carried out. First, 10.0 equiv. of other ions
were added to S1, and then 10.0 equiv. of Hg*" were added.
It was found that the fluorescence of probe S1 was sub-
stantially unchanged before Hg*" was added (Figure 2).

http://sioc-journal.cn/ 1139
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Figure 1 (a) UV spectra of S1 (1.0X 107> mol/L) in DMSO/H,O (¥ : V=7 : 3, pH=7) upon addition of various cations (1.0X10~*
mol/L), (b) fluorescence spectra of S1 (1.0X 10> mol/L) upon the addition of cations (1.0X 10 *mol/L) in DMSO/H,0 (V' : V=17 3,
pPH=7) (Aex=2357 nm, slit width: 5 nm X 5 nm) and (c) photograph of the fluorescence of S1 (1.0X 10> mol/L) in the presence of various

other cations (1.0 X 10™* mol/L) under UV lamp at 365 nm

When Hg*™ was added the fluorescence intensity decreased
greatly, indicating that the existence of other common ions
would not interfere with the detection of Hg*". Therefore,
S1 was shown to be a promising selective fluorescent sensor
for Hg*" in the presence of common metal ions.

Il orobe S1 + metal ions + Hg?*

1100 1 Ellprobe S1 + metal ions
1000
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300
200 -
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.
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Figure 2 Interference experiments with Hg?>' (1.0X10 *
mol/L) and ions coexisting in DMSO/H,O (V' . V=7 : 3, pH=7)
(Aex=2357 nm, slit width: 5 nm X5 nm)
2.3 Response time of fluorescence probe S1 to-
wards Hg*"

The response time of the probe to cations is a considera-
ble important index to show the excellent properties of the

probe. Therefore, Hg>* (10 equiv.) were added to the so-
lution of probe S1, and a fluorescence test was performed
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every 5 s. It could be observed that the fluorescence inten-
sity of the probe S1 was greatly reduced and substantially
stable after the addition of Hg*" for 10 s (Figure 3), which
indicated that the probe S1 could achieve the purpose of
immediate detection of Hg*".

1200

10004 3
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600 A '

PL intensity/a.u.

400{ !

\
200 \
L~\

0 T T T T T T 1
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Figure 3 Response time of fluorescence probe S1 to Hg?"
(Aex=357 nm, slit width: 5 nm X5 nm)

2.4 Sensitivity of fluorescence probe S$1 towards
Hg?*

The fluorescence titration experiments were carried out
within a certain concentration of Hg>" (5.0X10 7~
1.0X 10~ * mol/L). It showed a diagram of the gradual
change between fluorescence intensity and Hg’ " concen-
tration when the probe S1 was in different concentrations of
Hg”" solution system (Figure 4a). As the concentration of
Hg” " increased, a gradual decrease in the fluorescence
intensity of probe S1 was observed at 504 nm. In the con-

Chin. J. Org. Chem. 2021, 41, 1138~1145
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centration range of 1.5X 107°~7.5X 10"° mol/L, there was
a good linear relationship between the concentration of
Hg”" and the fluorescence intensity of S1. .And the linear
correlation coefficient was 0.99619. The detection limit
(DL) was calculated by the formula DL=30¢/K, where o is
the standard deviation of the blank and K is the slope of the
calibration curve."***! The slope of the line of best fit gives
K as 8.7X 107 (Figure 4b). The detection limit of S1 for
Hg”" was calculated to be 1.07X 10”7 mol/L, demonstrat-
ing that S1 was a highly sensitive “turn-off” fluorescent
sensor for Hg”".
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Figure 4 (a) Fluorescence of S1 (1.0 X 10> mol/L) in DMSO/
H,0 (V: V=7:3, pH=7) upon the addition of Hg** (5.0X
1077~1.0X10"* mol/L) and (b) fluorescence value at 495 nm
versus the concentration of Hg?™ (1c=357 nm, slit width: 5
nm X5 nm; inset is the relationship between the concentration of
Hg®" and the fluorescence intensity of S1)

2.5 "H NMR titration experiments

The measurement of Job's plot was carried out to deter-
mine the stoichiometric ratio of the interaction between S1
and Hg”". According to the experimental results, it was
speculated that the complexation ratio of S1 and Hg*" was
1 . 1. In addition, to explore the possible interaction
mechanism between probe S1 and Hg*", "H NMR titration
experiments were prepared with the increase of Hg” "
(Figure 5). The amine proton locating at 6 11.35 is charac-
teristic of an intramolecular hydrogen bond of the probe S1
(Figure 5a). However, with the addition of Hg”", the proton
peaks of the amine gradually disappear with the increase of
Hg”" (Figures 5b, 5c and 5d). Therefore, it is speculated
that the double bond in S=O broke formed a double bond
in S=N. These results showed that Hg*" might coordinate
with nitrogen in imine of probe S1. From the above ex-
perimental results, the complexation mechanism of S1 and
Hg”" could be inferred and proposed (Figure 6). And this
experiment results could be verified by mass spectrometry
(m/z 629.1052 [S1+Hg"'])

$1 + 0.5 equiv. Hg?* I N .

i
s

S1 + 1.0 equiv. Hg?*

S1 + 2.0 equiv. Hg?*

15 14 13 12 11 10 7 6 5
5

Figure 5 'H NMR spectra of S1 with Hg*" in DMSO-dj

Figure 6 Possible binding mechanisms of $1 and Hg*"
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2.6 Adsorption experiment

PAM and PAMS of a certain amount were placed in a
certain volume of Hg*" (0.1 mol/L) solution, respectively.
30 min later, certain volume of Hg*" solutions adsorbed by
PAM, PAMS were taken to determine the concentration of
Hg®". Before absorbing Hg®", although there was no dif-
ference between PAM and PAMS under natural light
(Figure 7a), but PAM presented solid light, PAMS pre-
sented a strong blue light under UV lamp (Figure 7b). Be-
fore and after the adsorption of Hg*" by PAM, there was no
obvious change in the light intensity of PAM under UV
lamp. However, PAMS was basically without light, which

formed a sharp contrast with before adsorption under UV
lamp (Figure 7d). After adsorption by PAMS, the concen-
tration of Hg’" in aqueous solution was detected to be
1.55X 10 ° mol/L. We could know that the removal rate of
Hg>" by PAMS was 99.99%. It showed that PAMS was a
new style of material with excellent properties for absorbing
Hg*".

In addition, to better observe the micro-morphology of
PAMS before and after adsorption, the morphology and
elemental analysis of PAMS before and after adsorption of
Hg’" were observed by scanning electron microscope
(Figure 8). Before the adsorption of Hg*", the surface of

% Hydrogel network —— §1 = Hg?

™ 365 0m UV light s $1 + Hg2*

Figure 7 (a, b) Diagrams of PAM (left) and PAMS (right) without absorb Hg®" solution in natural light and (c, d) diagrams of PAM

(left) and PAMS (right) with absorb Hg*" solution in UV lamp (365 nm)

Au

'M kil -nmmw.
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Lsec: 197 11Cnts 1.750 keV Det: Element-C2

&00 1.00 2.00 300 4,00 5.00

Lsec: 200 39Cnts 1.750 keV Det: Element-C2

Figure 8 (a) SEM and (b) EDS micrographs before PAMS adsorption of Hg**, and (c) SEM and (d) EDS micrographs after PAMS

adsorption of Hg*"
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PAMS was irregularly folded and without mercury ions
(Figures 8a, 8b). After the adsorption of Hg*", it was ob-
served that it had some foamy spherical cluster on the sur-
face of PAMS, indicating that probe S1 and Hg’* were
effectively bonded (Figure 8c). Moreover, the foamy
spherical clusters were well attached and dispersed on
PAMS (Figure 8c). It also showed that PAMS could
well-effectively adsorb Hg*" in aqueous solution (Figure
8d). PAMS is expected to be Hg*" detection and adsorp-
tion material in environmental application field.
2.7 Bioimaging experiment

Cytotoxicity test was an important indicator of probe
biocompatibility. In order to confirm the ability of S1 to
detect the Hg>" concentrations in cellular systems, HeLa
cells were treated with 0, 5, 10, 15 and 20 umol-Lfl S1 for
24 h. The experiment results showed that the cell viability
remained 90% under the treatment of 10 pmoleL ™" S1. It
showed that S1 was low cytotoxic to HeLa cells and could
be used for cell imaging. It was observed that strong blue
fluorescence was observed when HeLa cells were incubated
with probe S1 (10 pmoleL™") without Hg>" (Figure 9).
After the treatment with different concentrations of Hg”"
(0, 50, 100, 250, 500 umol-Lfl) for 30 min, the fluorescence
intensity of HeLa cells gradually becomes weak (Figure 9).
These experimental results showed that probe S1 could be
used to image intracellular Hg*" in living cells. Therefore,
it should be potentially useful for the study of the toxicity or
bioactivity of Hg’", which is inevitable for bio-imaging
experiments.

3 Conclusions

In summary, a novel sulfonylhydrazone type of Hg*"
probe S1 based on benzene sulfonyl hydrazine Schiff base

2+

50 pumol-L"

0 umol-L™"

o .

100 pmol-L™!

was designed and synthesized. Owing to its rapid response
time, high sensitivity and selectivity, S1 could be used as a
practical fluorescence chemosensor to detect Hg*". It was
exciting that PAM doped S1 (PAMS) had high adsorption
for Hg*" with removal rate of 99.99% and could easily be
distinguished by the naked-eye in UV lamp. More im-
portant, S1 had excellent biocompatibility and could be
applied to living Hela cells. Therefore, probe S1 has great
potential applications in environment and biological sys-
tems.

4 Experimental section

4.1 Materials and Apparatus

All reagents were used without further purification.
Benzene sulfonyl hydrazine and 4-(N,N-diphenylamino)
benzaldehyde were purchased from Adamas Reagent Co.,
Ltd. Other reagents were purchased from Chengdu Cologne
Chemicals Co., Ltd. In the spectral experiment in this work,
all cationic solutions were prepared from their hydrochlo-
ride or nitrate configuration [MgCl,, FeCl;, AgNO;,
Ni(NO3)2, CU(NO3)2, CaClz, Hg(NO3)2, Pd(NO3)2, Cd-
(NO3)2, COClz, ZHCIQ, Ba(N03)2, KCI, Al(NO3)3, Cr-
(NO3)s]. All the water used in the experiment was deionized
water.

Melting points were determined on a X-5 digital melt-
ing-point apparatus and not corrected. '"H NMR and "*C
NMR spectra were obtained on a Bruker AV-400 MHz
spectrometer at 400 MHz (‘"H NMR) and 101 MHz ("*C
NMR) using TMS as the internal standard in DMSO-d.
UV-Vis spectra were measured with an UV-6000 spectro-
photometer. Fluorescence spectra were measured with an
F-320 fluorescence spectrophotometer. ICP-MS was used
to determine the concentration of Hg”"

250 pumol-L™" 500 umol-L™"

o . - . . .

- . - . . -

Figure 9 Fluorescence micro-graphs of HeLa cells under different conditions (temperature: 37 ‘C, A, =357 nm)
HeLa cells were soaked with 10 umolsL ' S1 for 30 min. Blue channel for probe S1
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4.2 Synthesis of fluorescence probe $1

Benzene sulfonyl hydrazine (103 mg, 0.6 mmol) and
4-(N,N-diphenylamino)benzaldehyde (150 mg, 0.55 mmol)
were dissolved in 20 mL of anhydrous ethanol with 0.5 mL
of acetic acid as catalyst. The reaction system was refluxed
for 6 h. Red precipitate was obtained after the reaction
mixture was cooled to room temperature and washed three
times with anhydrous ethanol, then the product was dried in
vacuo for 48 h to obtain S1. Yields 90.3%. m.p. 184~
185 ‘C. '"H NMR (400 MHz, DMSO-dg) 6: 11.35 (d, J=2.2
Hz, 1H), 7.93~7.80 (m, 3H), 7.69~7.54 (m, 3H), 7.47~
7.38 (m, 2H), 7.38~7.26 (m, 4H), 7.14~7.00 (m, 6H),
6.92~6.85 (m, 2H); °*C NMR (101 MHz, DMSO-d;) d:
149.46, 147.50, 146.97, 139.59, 133.42, 130.18, 129.67,
128.53, 127.64, 127.32, 125.38, 124.45, 121.86, 40.63,
40.42, 40.21, 40.00, 39.80, 39.59, 39.38; HRMS calcd for
C,sH, N;0,S [M-+H ] 428.1429, found 428.1429.

4.3 Cellimaging

HeLa cells were cultured in high glucose medium sup-
plemented with 10% fetal bovine serum. And HeLa cells
were grown in the constant temperature incubator (37 C,
95% air, 5% CO,, time=24 h). HeLa cells were cultured
with 81 (10 umoleL - ") for 30 min and washed by pheno-
barbital sodium (PBS) buffer as the control group. HeLa
cells were pretreated with different concentrations of Hg*"
(0, 50, 100, 250, 500 umol-L - " for 30 min, afterward
cultured with probe S1 (10 umolsL - ") for another 30 min,
washed by PBS buffer, and then imaged. HeLa cells were
imaged using an inverted fluorescence microscope (Zeiss).

Supporting Information 'HNMR, *C NMR and HRMS
spectra of compound S1, HRMS and Job's plot spectra of S1
binding to Hg*", cytotoxicity assay of probe S1 for HeLa
cells at different concentrations and preparation methods
and IR spectra of PAM and PAMS. The Supporting In-
formation is available free of charge via the Internet at
http://sioc-journal.cn.
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