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ABSTRACT

A highly sensitive and selective Hg”* probe 4 based on
rhodamine-b was developed and characterized. In
consideration of environmental and biological appli-
cation, we connected a water soluble receptor group
(sulfonated p-naphtol) and rhodamine-b together
through hydrazine hydrate in high yield. The result
turns out that this compound not only exhibits excel-
lent sensitivity and selectivity toward Hg’*, but also
shows well cell permeability and compatibility in vi-
tro.
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1. INTRODUCTION

Nowadays, classic detection methods, such as spectro-
photometry, atomic absorption spectrometry, inductively
coupled plasma-mass spectroscopy (ICP-MS), induc-
tively coupled plasma-atomic emission spectrometry
(ICP-AES) and voltammetry, can hardly meet the new
challenge of social development. Therefore, Convenient,
economic and real time detection methods in vivo and in
vitro are in active demand. Fast, cheap chemical sensors
with high sensitivity and selectivity that could be utilized
in environmental system and biological system are ex-
plored with great attention [1].

Due to the excellent photo-physical properties, such as
high fluorescence, large absorption coefficient, long ab-
sorption and emission wavelength [2], rhodamine based
fluorescent chemosensors have attracted the attention of
an increasing number of people [3-5]. Recent years,
many excellent thodamine based fluorescent sensors or
probes have been reported [6-23] and some of them have
great potential in environmental and biological system
[24-28]. Even several compounds are already applied in
living organism [29-31] successfully. In terms of mer-

cury, the important and indispensable characters that
Hg”" plays in natural system [32-34] have made the de-
tection of such heavy and transition metal ion urgently
required.

After many years of hard work [35-38], the further
step is to seek for the practical application in environ-
mental and biological system. As we know, the water
solubility and non-toxicity of sensors have significant
influence on the cell-permeability and compatibility [39].
We believe that sensors with utility value should take
such two characters at same time. In our previous work
[40], we have already achieved a “turn-on” type fluo-
rescent chemosensor toward Hg”* based on rhodamine-b
with high sensitivity and selectivity. And it showed ex-
cellent biological applications in living cells. From the
profile of the cells cultured in this compound, we find
out that this chemosensor did little harm to the living
cells. However, poor water solubility is the bottleneck of
this compound, which inhibits the widespread availabil-
ity of such kind of chemosensor. In order to overcome
this shortcoming, we combined a water soluble receptor
group (sulfonated B-naphtol) and chromophore group
(rthodamine-b) together and achieved a new compound
(4) on the premise of maintaining its fluorescent sensi-
tivity and selectivity toward Hg*".

This probe features high sensitivity and selectivity
toward Hg*" over other ions and reaches as low as 4 ppb
of detection limit in methanol. Upon the addition of Hg*"
ion, the UV-vis absorption at 563 nm increased obvi-
ously. And the color of solution changed from yellow to
pink, which is a feature that enabled the naked eye de-
tection. After the addition of 1 equiv. Hg*", the fluores-
cence enhancement was more than 40 fold. Also, this
compound almost does no harm toward living cells
(yeast and HeLa cells in our experiments). From the bio-
images, we can find out that it aggregates in some struc-
tures and demonstrates a view of “punctuate” permeabil-
ity, this feature might be important for these sensors to
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locate the position of some special targets. The out-
standing cell permeable and compatible characters con-
firm that this kind of Hg*" probes has great potential in
biological system and pharmacological system.

2. RESULTS AND DISCUSSION
2.1. Selectivity

Figure 1 shows the UV-vis absorption of 4 in the pres-
ence of miscellaneous ions in methanol solution. As can
been seen, compound 4 could distinguish Cu®*, Fe*",
Hg*" at 551 nm, 555 and 563 nm respectively. Although
all the three ions can trigger the color change of sensor,
the absorption shift between Hg*" and other two ions is
more than 8 nm, which can be detected easily. Further-
more, from the fluorescence measurement (Figure 2),
we have learned that only Hg”" can lead to obvious
fluorescence response at 576 nm.

To validate the competitiveness of 4 in practice, the
competition experiment was carried out in the presence
of Hg*" mixed with 2 equiv. alkali, alkaline earth and
transition metal ions. As shown in Figure 3, the re-
sponse of the fluorescence intensity of 4 toward Hg*"
can be hardly influenced by the subsequent addition of
other metals.The excellent selectivity toward Hg*" over
other ions is confirmed by both UV-vis and fluorescence
measurements. And the results also indicate that sensor 4
could be used as a potential candidate of facile colori-
metric and ratiometric naked-eye chemosensor for Hg*'.

2.2. Sensitivity

To exam the sensitivity of 4, titration experiments are
carried out to do quantitative analysis. As shown in Fig-
ure 4 the increase of absorption at 563 nm caused by the
addition of Hg*" indicated that the sulfonatedp-naphtol
low-energy band at 563 nm is responsible for the
change of color from yellow to pink.
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Figure 1. Absorption spectra of 4 (10 uM) upon addition of
miscellaneous ions (10 equiv.) in methanol solution at room
temperature.
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Figure 2. Fluorescence spectra of 4 (10 pM) in methanol solu-
tion with the same miscellaneous ions (excitation at 540 nm)

(excitation and emission slit 5). The inset shows the amplifica-
tion of low fluorescence range of the spectra.
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Figure 3. The fluorescence intensity change profiles of 4 in
present of 1 equiv. Hg®" and 2 equiv. interfering ions (Cu*,
Zn*", Co*, Ni*', Ca*', Na*, Cd*, Li*, Mg*', Pb*", Fe’", Ag",
Mn*", K respectively) together.
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Figure 4. UV-Vis spectral changes of 4 upon the addition of
Hg”" in methanol solution at room temperature. [Hg*'] = 0 -
2.0 equiv. from the bottom curve to the top.
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As the 1:1 stoichiometric of complex is proved by plot
of absorbance against the ratio of 4 to Hg”" (Figure 5),
the stability constant is calculated to be 4.6E6 according
to the Benesi-Hildebrand equation (Figure 6).

From the fluorescence titration (Figure 7), the emis-
sion peak at 576 nm belongs to the rhodamine moiety.
As we know, when the spirolactam ring of rhodamine is
closed, the internal charge transfer (ICT) process was

inhibited and this fluorophore is under turn-off condition.

While Hg”" coordinated with ligand 4, the spirolactam
ring is induced to open and the whole electron do-
nor-acceptor system is formed. Then the ICT effect re-
stores the fluorescence of rhodamine.

Furthermore, from the inset of Figure 7, the detection
limit can achieve as low as 4 ppb.

2.3. Cell imaging

In consideration of some important mercapto biomole-
cules in organisms, such as cysteine, which might inter-
act with Hg”" [28,41], we firstly carried out interference
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Figure 5. Absorbance at 563 nm of 4 and Hg*" with a total

concentration of 100 uM in methanol, indicating a 1:1 metal-
ligand ratio.
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Figure 6. Benesi-Hildebrand analysis of 4 (563 nm) at differ-
ent Hg2+ concentrations.
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Figure 7. Fluorescent titration of 4 (10 pM) with Hg?* (excita-
tion at 540 nm) (excitation and emission slit 5). [Hg*'] = 0 -
1.0 equiv. from the bottom curve to the top. The inset shows
the linear response of 4 to Hg?".

experiment to explore the effect of cysteine on the detec-
tion of Hg*" (Figure 8). Bar a and b showed that sensor
4 had no fluorescence response toward cysteine. And
when 10 equiv. of cysteine was added into the mixed
solution of 4-Hg”", the fluorescence intensity was almost
the same as the response caused by Hg*" only. The result
turned out that cysteine had no interference in the detec-
tion of Hg”".

For yeast imaging test, the cells were stained of 40
puM 4 for 1 hour and then demonstrated a week intracel-
lular fluorescence (Figure 9(b)). After the treatment
with 40 pM solution of Hg*" for 10 min, the fluores-
cence intensity increased immediately and obviously
(Figure 9(d)). It indicated that 4 can permeate yeast
cells and combine with Hg®" ion specially. In fact, the
concentration of endogenous Hg*" ion is very low, so the
fluo rescence is quite week before the addition of ex-
ogenous

400
a4

| b:4+10 equiv Cys

3004 © 4+1equiv Hg™

d: 4+1 equiv Hg**+10 equiv Cys

350

250
200
150

100

Fluorescence Intensity / A.U.

50 4

ol HE_____mm

a b (o d

Figure 8. Interference experiment in 4 (10 uM) with 10 equiv.
of cysteine.
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Hg*". After the treatment of Hg”', free 4 can combine
with much more Hg*, which results in the fluorescence
intensity increase dramatically.

For HeLa cells imaging test, the same results were
obtained. The HeLa cells demonstrated a weak fluores-
cence (Figure 10(b)) upon the addition of 4. After the
addition of exogenous Hg*" ion, the fluorescence inten-
sity increased largely, showing a clear red intracellular
fluorescence (Figure 10(d)).

In summary, the corresponding biological imaging
tests on Saccharomyces cerivisiae and HeLa cells have
shown that 4 has good photophysical properties and it is
a good candidate for the detection of Hg”" in biological
system.

3. EXPERIMENTAL
3.1. General

Methanol was HPLC grade from Merk. All other re-
agents were of analytic grade unless noted. "H NMR and
BC NMR were measured on a Bruker Ultrashield 300
MHz NMR Spectrospcopy. UV-vis and fluorescence
spectra were recorded on Varian Cary 50 Probe UV-Vi-
sible Spectrophotometer and Varian Cary Eclipse Fluo-
rescence Spectrophotometer, respectively. Mass spec-
troscopy was recorded on Thermo LCQ Fleet MS-spec-
trometer.

Yeast (Saccharomyces Cerevisiae) and HeLa cell line
were provided by the School of Life Science, Nanjing
University. The biological imaging test was carried out

Figure 9. Confocal fluorescence imaging of Yeast cells:
bright-field transmission image (a) and its corresponding fluo-
rescence image (b) of cells after incubation with 40 uM 4 solu-
tion for 1 h at room temperature; bright-field transmission
image (c) and its corresponding fluorescence image (d) of cells
treated with 40 uM 4 solution for 1 h primarily, and then incu-
bated with 40 uM HgCl, for 0.5 h at room temperature. (Aex =
546 nm , Aem = 546 - 560 nm)

Copyright © 2011 SciRes.

Figure 10. Confocal fluorescence imaging of HelLa cells:
bright-field transmission image (a) and its corresponding fluo-
rescence image (b) of cells after incubation with 10uM 4 solu-
tion for 10 min at room temperature; bright-field transmission
image (c) and its corresponding fluorescence image (d) of cells
treated with 10 uM 4 solution for 10 min primarily (a, b), and
then incubated with 10 pM HgCl, for another 10 min at room
temperature. (Aex = 546 nm , Aem = 546 - 560 nm)

with an Olympus FV-1000 laser scanning confocal fluo-
rescence microscope.

3.2. Synthesis of 4 and reference compounds
(Scheme 1)

Compound 1 and 3 were synthesized according to the
literature [42].

Compound 2 A solution of 1 in concentrated sulfuric
acid (12.5 mL) was stirred at 40°C for 16 hours. The
solution was poured into ice water (40 g) and then
heated to 70°C. The reaction mixture was filtered and
NaCl (8 g) was added into the hot filter liquor. After
cooling to room temperature, pink powder was precipi
tated and then filtered. The solid was washed by satu-
rated sodium chloride solution, water and ethanol in turn.
After recrystallization in water and drying in high vac-
uum, 2 g hermosa pink powder 2 was obtained in a yield
of 50%. "H NMR (D,0, 300 MHz): & (ppm) = 10.19 (s,
1 H), 8.07 (d, 1 H, ] =8.7Hz), 7.92 (d, 1 H, ] = 1.8 Hz),
7.70 (dd, 2 H, J;=1.5Hz, J,=9.0 Hz), 6.79 (d, 1 H, ] =
9.0 Hz).

Compound 4 3 (0.59 g) and 1 equiv. 2 were added
to ethanol (20 mL), refluxed and stirred for 2 hours. Af-
ter filtrating, the pale pink precipitate was washed by a
small amount of methanol and dried in vacuum to get
0.69 g yellow powder ¢ in a yield of 75% and kept
without light. "H NMR (DMSO, 300 MHz): 8(ppm) =
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Scheme 1. Synthesis of 4 and reference compounds.

11.88 (s, 1 H),9.55 (s, 1 H), 8.02 (s, 1 H), 7.89(q,2 H, J
=9 Hz),7.78 (d, 1 H,J =8.7Hz), 7.62 (q,3 H,1=7.5
Hz), 7.17 (d, 1 H, J = 6.9 Hz), 7.09 (d, 1 H, J = 9 Hz),
6.47 (d, 4 H,J=9.6 Hz), 6.35 (d, 2 H, ] = 8.3 Hz), 3.29
(q, 8 H,J=6.9 Hz), 1.03 (t, 12 H ,J = 6.6 Hz).
BC NMR (DMSO, 75 MHz): 8(ppm) = 168.6, 162.2,
157.2, 155.6, 153.2, 151.0, 137.8, 136.6, 136.2, 132.8,
132.6, 132.0, 131.8, 131.2, 128.0, 127.2, 127.0, 124.1,
122.9,112.8,112.4,108.4, 101.8, 70.1, 48.2, 16.2.
ESI-MS (negative mode): m (4-Na)/z = 689.58

3.3. Cell imaging

3.3.1Yeast cell imaging

Saccharomyces Cerevisiae was cultured in the YPD lig-
uid medium (peptone 20 g, yeast extract 10 g, dextrose
20 g, distilled water 1000 mL) for 12 hours at 30°C. For
cell staining, the cells were incubated with 40 pM solu-
tion of 4 in Tris-HCI (0.01 M, pH 7.2) for 1 h at 30°C.
The sensor solution was then removed and the cells were
washed twice with phosphate-buffered saline (PBS, 0.01
M, pH 7.4) to remove extracellular 4. The cells were
subsequently divided into two groups. The first is a con-
trol group without the addition Hg*" solution; the other
was treated with 40 pM solution of Hg®" for 30 min at
30°C. The cells were dropped on glass slides and excited
at 546 nm by using He-Ne laser. The emission was
monitored from 560 to 600 nm.

3.3.2 HeLa cell imaging

HeLa cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with bovine serum
(10%), penicillin (100 U/mL) and streptomycin (100
pg/mL) at 37°C and 5% CO,. Before staining, the cells
were washed twice with fresh DMEM, and subsequently
exposed to the 10 uM solution of 4 (900 uL. DMEM
added with 100 pL of a 100 pM solution of 4 in DMSO)
for 10 min at room temperature. After washing twice
with fresh DMEM, the cells were immersed for 10 min

Copyright © 2011 SciRes.

with a 10 pM solution of Hg*" (900 pL DMEM added
with 100 pL of a 100 uM solution of Hg*" in H,0), the
DMEM was then removed, and the cells were washed
twice with fresh DMEM and imaged. Excitation was at
546 nm and emission was monitored from 560 to 600
nm.

4. CONCLUSIONS

In this work, a convenient and fast Hg*" probe was syn-
thesized and characterized. It exhibits not only excellent
selectivity, but also high sensitivity and low detection
limit toward Hg**. Furthermore, from primary explora-
tion in living cells, the immeasurable application pros-
pect has already spread out before us and an intensive
study would be made in future.
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