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Two new chemosensors, rhodamine 6G derivative bearing hydroxyethyl group (1) and rhodamine base
derivative bearing 15-crown-5 group (2) were synthesized and their sensing behaviors toward various metal
ions were investigated by UV/Vis and fluorescence spectroscopies. Addition of Hg?" ion to a CH;CN solution
of 1 and 2 gave visual color changes as well as fluorescent OF F-ON observations. Selectivity and sensitivity
of 1 towards Hg’" are excellent enough to detect micromolar level of Hg*" ion, even in equeous media and

biological sample (HeLa cell).
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Introduction

Considerable attention has been focused on fluorescent
chemosensors for the selective and rapid detection of toxic
heavy metal ions, such as the Pb*", Cd*" and Hg’" ions.'
Among them, the Hg>" ion has been considered highly
dangerous because both elemental and ionic mercury can be
converted into methyl mercury by bacteria in the environ-
ment, which easily bioaccumulates through the food chain.
Therefore, there has been a high demand for the detection of
the Hg?" ion both in environmental analysis and industrial
waste treatment.'

Among non-conventional methods, the fluorescence
detection method has proven to be the most convenient due
to its simplicity and low detection limit.* Especially, tho-
damine framework is an ideal model to drive OFF-ON
fluorescent chemosensors/probes due to its structural unique
property. Rhodamine derivatives with spirolactam ring are
non-fluorescent and clorless, whereas ring-opening of the
spirolactam gives rise to a strong fluorescence emission and
pink color.> Moreover, the thodamine has a long emission
wavelength (over 550 nm), which is often preferred to serve
as a reporting group for analyte to avoid the influence of
background fluorescence (below 500 nm).’ In this regard,
several thodamine-based chemosensors for Hg?*, Cu**, Pb**
and Fe*" ions have been developed so far from our group® as
well as others.” For example, two rhodamine B molecules
were cojugated through a diethylenetriamine linker to
produce a Fe*'-selective chemosensor.® Xiang er al. used a
rhodamine-based hydrazine bearing a salicyaldehyde bind-
ing site as a Cu®>" amplified sensor.” Tae group reported
a Hg®* chemosensor based on the rhodamine-hydrazine
framework.” Kwon et al. exploited ethylenediamine to link
a rhodamine and a DPA moiety to yield a fluorescent
chemosensor for Pb?" ion.® As mentioned above, hydrazine,
diethylenetriamine, ethylenediamine, and tris(2-aminoethyl)-
amine moiety (tren) as a linking and binding group were

widely used. Besides, 2-aminoethanol can also serve to
interact with metal ions as a binding site. However, 2-
aminoethanol or 2-aminomethyl-15-crown-5 has not been
applied to the rhodamine-based chemosensor yet.

Herein, we report two new chemosensors, rhodamine 6G
derivative bearing hydroxyethyl group (1) and rhodamine
base derivative bearing 15-crown-5 group (2) as selective
reporters for Hg*" ion. Their sensing behaviors toward Hg?"
ions was investigated by UV/Vis and fluorescence spectro-
scopies. In particular, we further tested the detection ability
of 1 towards Hg?" in aqueous media and bio sample (HeLa
cell).

Experimental Section

Compound 1. Under nitrogen, rhodamine 6G 3 (0.40 g,
0.84 mmol) and 2-aminoethanol (0.24 g, 1.68 mmol) were
combined in 5.0 mL of ethanol (EtOH) and refluxed over-
night. After cooling to the room temperature, the solvent
was evaporated in vacuo. The residue was dissoved in
CH,Cl, (100 mL) and washed twice with water (200 mL).
The CH,Cl, layer was separated, and dried over anhydrous
sodium sulfate (Na,SO4). After filtration of the sodium
sulfate, the solvent was removed under reduced pressure to
give 1 as brownish oil which can be crystallized in a mixture
of CH>Cl, and diethyl ether. Compound 1 was obtained as a
solid in 70% yield: '"H NMR (CDCls, 400 MHz) § 7.93-7.90
(m, 1H), 7.46-7.42 (m, 2H), 7.04 (m, 1H), 6.34 (s, 2H), 6.27
(s, 2H), 4.25 (br t, 1H), 3.55 (m, 2H), 3.48 (m, 2H), 3.26-
3.16 (m, 6H), 1.90 (s, 6H), 1.33-1.29 (t, 6H) ppm; *C NMR
(CDCl;, 100 MHz) 6 170.3, 154.1, 151.8, 147.7, 133.0,
130.5, 128.4, 124.0, 123.1, 118.3, 105.3, 96.8, 66.2, 62.8,
44.8, 38.5, 16.9, 14.9 ppm; ESI-MS m/z (M") calcd 457.5,
found (M+H)" 458.4, (M+Na)" 480.3, 2M+Na)" 937.7.

Compound 2. To a solution of thodamine B base 4 (0.355
g, 0.802 mmol) and 2-aminomethyl-15-crown-5 (1g, 4.01
mmol, purchased from Aldrich) in 1,2-dichloroethane (30
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mL), phosphorous oxychloride (0.19 mL, 2 mmol) was
added dropwise over 10 minutes under Ar. The solution was
refluxed for 18 h. After the solvent was evaporated under
reduced pressure, the crude product was purified by column
chromatography (CHCl3:MeOH = 30:1, v/v) to give the 216
mg of compound 2 (yield; 40%); '"H NMR (CDCL;) & 7.82
(m, 1H), 7.37 (dd, 2H, J=2.6 Hz and 1.9 Hz), 7.02 (m, 1H),
6.30 (m, 4H), 6.19 (dt, 2H), 6.35 (m, 4H), 6.19 (dt, 2H, J =
8.9 Hz and 2.3 Hz), 3.53 (m, 10H), 3.25 (m, 19H), 1.09 (t,
12H, J = 10.7 Hz); '*C NMR (CDCl;) & 168.7, 153.9, 153.7,
153.6, 149.1, 132.7, 131.6, 129.3, 128.3, 124.2, 123.0,
108.4, 106.1, 105.9, 97.9, 72.7, 71.2, 70.9, 70.8, 70.7, 70.6,
69.8,65.5,44.7,44.6, 41.5, 12.9; HRMS (FAB) found m/z =
696.3626 (M + Na)", caled for C30Hs;N3NaO7= 673.3625.

Results and Disscusion

As shown in Scheme 1, probe 1 was synthesized from
rhodamine 6G (3) and 2-aminoethanol (0.24 g, was refluxed
in ethanol (EtOH) in 70% yield. For the synthesis of probe
2, phosphorous oxychloride was added dropwise to the
solution of rhodamine B base (4) and 2-aminomethyl-15-
crown-5 in 1,2-dichloroethane. After refluxing for 18 h, the
crude product was purified by column chromatography
(CHCI3:MeOH = 30:1, v/v) to give the probe 2 in 40% yield.
Two new compounds were fully characterized by '"H NMR,
3C NMR and mass spectroscopy (Experimental Section and
Supporting Informations).

Figure 1 shows UV/Vis absorption and fluorescence
spectra of 1 (10 uM) in CH3CN upon the addition of various
metal ions, such as Na*, K*, Ca?", Zn*", Mg*", Mn*", Cu*',
Fe?*, Fe*', Co?", Cd*", Hg*', Pb*", and Ni*" ions. All spectra
was obtained at 25 °C, and the excitation wavelength (Acx)
was 525 nm. From UV/Vis spectra of 1 (10 uM) (Fig. 1(a)),
we clearly observed a new absorption band centered at 524
nm in the presence of 50 equiv of Hg>" ion. In contrast, Fe’"
ions induced a smaller spectral change and other metal ions
showed almost no spectral changes. Fluorescence changes
(Fig. 1(b)) for 1 also show a similar selectivity. Among the
various metal ions, addition of Hg>" ion resulted in a selec-
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Figure 1. (a) Absorption and (b) fluorescence spectra of 1 (10 pM)

towards 50 equiv of various metal ions (Na*, K*, Ca®*, Zn>*, Mg*',

Mn*, Cu**, Fe**, Fe**, Co*, Cd**, Hg*", Pb*", and Ni*") in CH;CN

at 25 °C. Excitation wavelength (Acy) is 525 nm.

tive enhanced fluorescence at 550 nm (OFF-ON) even
though there was a relatively smaller fluorescence enhan-
cement with Fe?". Naked-eye fluorescence changes of 1 in
the presence of Hg*" and Fe®" ions are also shown in insets
of Figure 1. It is explicit that the binding interaction between
1 and Hg*" ion induces the ring-opening of spirolactam of
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Scheme 1. Synthetic schemes for 1 and 2.
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Figure 2. (a) Absorption spectra of 2 (10 pM) and (b) fluorescence
spectra of 2 (5 pM) towards 5 equiv. of various metal ions (Na*, K,
Ca*, Zn*", Mg, Mn?*, Cu*, Fe*, Fe*", Co?*, Cd*", Hg*", Pb*", and
Ni?") in CH;CN at 25 °C. Excitation wavelength (Aex) is 560 nm.

rhoadmine framework, which is responsible for color and
fluorescence changes.

Figure 2 shows UV/Vis absorption spectra of 2 (10 uM)
and fluorescence spectra of 2 (5 uM) in CH3CN upon the
addition of various metal ions, such as Na', K*, Ca**, Zn*",
Mg, Mn*', Cu?', Fe*', Fe**, Co*", Cd*", Hg*", Pb*', and
Ni?" ions. Although Cu?" and Fe** displayed smaller enhan-
cements, Hg>" induced a selective large absorption enhan-
cement at 554 nm. For the fluorescence change, highly
selective “OF F-ON” fluorescence enhancement (Amax = 581
nm) was observed for Hg** among the various other metal
ions. Despite the selectivity of 2 for Hg>* comparable to that
of 1, it did not show reproducible fluorescence change in
aqueous solution. The core fluorophore difference between
rhodamine 6G and rhodamine base may be attributed to this
different fluorescence change in aqueous solution. Therefore,
further studies with Hg?* were examined only for probe 2.

Further experiments for Hg**-selective detection of 1 were
performed in the presence of other competitive metal ions
(50 equiv, respectively, Fig. 3). Upon addition of 50 equiv of
Hg?" ion, two kinds of samples containing monovalent (Na"
and K" ions) or divalent (Ca**, Zn**, Mg**, Mn*", Fe**, Co*",
Cd*, Pb*, and Ni** ions) metal ions still display a dintinc-
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Figure 3. (a) Absorption and (b) fluorescence spectra of 1 (10 uM)
towards Hg”" ions (50 equiv) in the presence of other competitive
metal ions (Na* and K*; Cu*" and Fe*"; other metal ions including
Ca”, Zn**, Mg®*, Mn®*, Fe*, Co*", Cd*", Pb**, and Ni**) (50 equiv,
respectively) in CH3CN at 25 °C. Excitation wavelength (Aey) is
525 nm.

tively enhanced fluorescence with a new absorption band,
respectively. These results indicate that 1 shows a good
selectivity and sensitivity for Hg?" ion over other competi-
tive metal ions (Na', K*, Ca>*, Zn*", Mg>", Mn>*, Fe**, Co?",
Cd*', Pb*, and Ni*" ions).

Figure 4 and 5 explain the detailed absorption and fluore-
scence changes of 1 upon gradual additions of Hg”" ion. As
expected, addition of small amount (8.0 uM) of Hg*" ion
induced a new absorption band as well as a visual color
change from colorless to pink. The fluorescence titration of
Hg?" ion was conducted using 10 uM of 1 in CH3;CN. Upon
addition of increasing concentrations (0, 0.8, 0.9, 1,2, 2.5, 3,
5, 10, 15, 20, and 30 equiv) of Hg*" ion, a new emission
band peaked at 549 nm increased. From these results, we
noted that compound 1 is sensitive enough to detect Hg**
ions in a micromolar level (minimum up to 8 pM).

To confirm the stoichiometery of a binding event between
1 and Hg?" ion, Job’s plot was conducted in CH;CN (Fig. 6).
The maximum absorbance change (AA) was observed at 0.5
mole fraction of [1]/[1+Hg*"], which gave a solid evidence
for the formation of 1:1 complex between compound 1 and
Hg*" ion.

To further look into an interaction between 1 and Hg”" ion,
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Figure 4. (a) Absorption spectral changes of 1 (10 uM) and (b)

increase of absorbance at 524 nm in various concentrations of Hg>*
(0,0.8,09,1,2,2.5,3,5, 10, 15, 20, and 30 equiv) in CH3CN at 25 °C.

upon addition of Hg?" ion to the solution of 1, ethylene-
diaminetetraacetic acid was added, and then UV/Vis ab-
sorption and fluorescence spectral changes were measured.
Ethylenediaminetetraacetic acid (EDTA) is widely used as a
chelating agent for metal ions because of its role as a
hexadentate ligand. In the presence of 50 equiv of Hg*" ion,
1 exhibits a new absorption at 524 nm and a strongly
enhanced fluorescence at 550 nm. On the other hands, as
seen in Figure 7, upon addition of EDTA (1 and 10 mM,
respectively) to a mixture of 1 and Hg>" ion, the absorption
(524 nm) and the fluorescent emission (550 nm) band
significantly decreased. In addition to this, color chang was
also observed from pink to colorless. This is obviously
because the Hg”" ion in 1+Hg”" complex is encapsulated by
EDTA, thus giving free 1 and EDTA*Hg*" complex, which
is responsible for the dual color (pink — coloress) and
fluorescence (ON-OFF) changes. These results firmly sup-
port that the binding interaction between 1 and Hg*" ion is
non-covalent and reversible reaction.

Based on the results shown in Figure 7 in conjunction with
those in Figures 2-6 we concluded that Hg*" ion binding
causes the spirolactam ring-opening of the rhodamine to
give a fluorescence and a color change of 1. Thus, as seen in
Figure 8, we proposed the binding mechanism of 1 for Hg*
ion.

Ji Young Choi et al.

_—
[
e’

400 ~

[Hg™]
0 ~ 30 equiv

xe]

(=]

o
1

Fluorescence intensity (a. u.)

550 575 600 625 650
Wavelength (nm)

(b)
S 400 4 (J:: O e & o
2
7] 3004 |
g E
o c
£ ¢
§ E 200 .
S®
3 |
o 1004,
]
3 fo
(T
0 T T L} L} T T
0 5 10 18 20 25 30

[Hg*] equiv

Figure 5. (a) Fluorescence spectral changes of 1 (10 uM) and (b)
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Figure 6. Job’s plot of 1 (50 pM) with Hg?" ions (50 pM) in
CH3;CN; A4 is absorbance changes at 525 nm.

Figure 9 shows UV/Vis absorption and fluorescence
spectra of 1 (10 uM) in 27% of PBS buffer at pH 7.4 upon
addition of various competitive metal ions, such as Na*, K,
Ca2+’ Zn2+’ Mg2+’ Mn2+’ Cu2+, Fez+’ F€3+, C 02+’ C d2+, ngﬂ
Pb*’, and Ni** ions. As seen in Figure 9, the probe 1 is still
sensitive to detect Hg*" ions in aqueous condition (Fig. 9(b)).
The color change of 1 was also observed in the presence of
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Figure 7. (a) Absorption and (b) fluorescence spectra of 1sHg>"
(10 uM) upon addition of EDTA (1.0 and 10 mM, respectively) in
CH3;CN at 25 °C. Excitation wavelength (Aey) is 525 nm.
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Hg?" ion (Fig. 9(a) inset). More interestingly, as seen in
Figure 9(b), the selectivity of 1 toward Hg”" ions is better
than that of 1 in CH3CN. As previously mentioned, addition
of Fe*" ion also gave the similar UV/Vis absorption and
fluorescence spectral changes of 1 in CH3CN (see Fig. 1).
However, in aqueous condition, the Fe*" ion induced no
significant absorption and fluorescence changes of 1.
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Figure 9. (a) Absorption and (b) fluorescence spectra of 1 (10 uM)
towards 50 equiv of various metal ions (Na*, K*, Ca*", Zn?*, Mg?",
Mn*, Cu**, Fe*', Fe**, Co*, Cd**, Hg*, Pb**, and Ni*") in 27% of
PBS buffer at pH 7.4 (25 °C). Excitation wavelength (Aex) is 525
nm. All spectra were acquired 1 h after addition of metal ions.

After confirming the utility of probe 1 in aqueous solution,
Next, we investigated any possibility whether 1 is applicable
to Hg®" detection in bio system by using confocal micro-
scopy. For this study, we prepared HelLa cell which is the
most commonly used human cell line derived from cervical
cancer cells. As indicated in Figure 10(a), when HeLa cells
were only treated with 5.0 uM of 1, no fluorescence was
observed. Upon treatment of 50 uM of Hg”" ion to the cells
pre-treated with 1, green fluorescence emission was observed,
which can be attributed to the spirolactam ring-opening of 1
(Fig. 10(c)).

Figure 11 displays fluorescence spectra of the observed
green emission in cells (red circled region A-D in Fig. 11).
The emission band centered at 550 nm is in accordance with
that of 1 in the presence of Hg?" ion. These results clearly
indicate that probe 1 is sensitive enough to detect Hg** ion in
biological sample.

Conclusions

In current study, we synthesized two new rhodamine
based probes 1 and 2, which showed selective colorimetric
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Figure 10. Confocal microscopy images of HeLa cells incubated
with 1 (5 uM) before (a) and after (c) addition of Hg>" (50 uM) for
30 min. (b) and (d) are bright-field image. The fluorescence
emission was collected at 540-600 nm upon excitation at 514 nm.

Aex = 514 nmM
L, 30 min

hooe = 514 N
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Figure 11. Confocal microscopy image of 1 (5 pM) in HeLa cells
treated with Hg?* (50 pM). (b) Fluorescence spectra from the red
circled region (A-D) in (a).

and fluorimetric changes with Hg?* among the various metal
ions in CH3CN. Especially, probe 1 exhibits a high selec-
tivity toward Hg>" over other metal ions in organic and
aqueous solutions with micromolar level detection limit.
Futhermore, probe 1 also functions Hg*" sensing in HeLa
cells. Hence, synthesis of 1 and its selective and sensitive

Ji Young Choi et al.

Hg?" detection both in organic and aqueous solutions can
give a potential guideline in biological or environmental
application-oriented sensor research.
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