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Mercury pollution pervades the globe and remains a danger
to human health and the environment. The US Environ-
mental Protection Agency (EPA)’s estimates of annual total
global mercury emissions from all sources—both natural and
human-generated—reach nearly 7500 tons per year.['! Atmos-
pheric oxidation of mercury vapor to water-soluble Hg>" ions
and its subsequent metabolism by aquatic microbes produces
methylmercury, a potent neurotoxin linked to many cognitive
and motion disorders.”) Relevant cellular targets of methyl-
mercury include glutathione and other thiol-containing anti-
oxidants, but mechanistic details of mercury toxicity at the
molecular level are still insufficiently understood.
Fluorescent small-molecule sensors®® and dosimeters,*
materials,”! and biomolecules!® offer an attractive approach
to tracing neurotoxic mercury. However,
despite widespread interest and recent
advances in this area, there are only a few
examples of fluorescent probes for successful
detection of Hg?" ions in biological sam-
ples[” as creating new synthetic molecules
that meet the criteria of appropriate selec-
tivity, water solubility, and optical sensitivity
in natural settings remains an outstanding
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date in water at physiological pH (@ =0.72), excellent
selectivity for Hg?" ions over relevant competing metal ions,
a 44-fold turn-on response, and sensitivity to ppm—ppb levels
of Hg’" in complex aqueous solutions, cells, and tissue.
Furthermore, we show that because of these features, MG1 is
capable of tracking changes in mercury levels within living
cells and distinguishing safe and toxic amounts of mercury in
edible fish.

In a previous study we described Mercuryfluor-1 (MF1), a
fluorescein-like sensor for selective detection of aqueous
Hg?* ions to ppm levels.™ This initial design is limited by the
relatively modest quantum yield for MF1 in its Hg*'-ion-
bound form (@ =0.16), which is in part due to the propensity
of heavy metals, such as mercury, to quench fluorescent dyes
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challenge. In particular, a common limitation Q
for heavy-metal detection in the environ-
ment is the low quantum efficiency of metal-
bound dyes in water compared to that in
organic or in mixed aqueous-organic sol-
vents. We now report the synthesis and HO
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applications of Mercury Green1 (MG1), a
new Hg?-ion-specific fluorescent chemosen-
sor that has the highest quantum efficiency to
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Scheme 1. Synthesis of MG1. Ts =tosyl, TBDMS = tert-butyldimethylsilyl.

in aqueous media. Seeking to maintain high Hg’™-ion
specificity while increasing optical brightness values in
water, we reasoned that introducing an ortho-methyl group
on the phenylene linker would restrict its rotation with
respect to the xanthene reporter unit and potentially enhance
quantum efficiencies, an approach inspired by Tokyo Green
reporters of B-galactosidase activity.®! Based on this restricted
rotation design, the new Hg*"-ion-responsive dye MG1 was
prepared as shown in Scheme 1.

Spectroscopic measurements for MG1 were performed in
aqueous solution buffered to pH 7 (20 mm 2-[4-(2-hydroxy-
ethyl)-1-piperazinyl]ethanesulfonic acid, HEPES) and they
establish the marked benefits of restricting rotation between
receptor and reporter units. Figure 1a displays the fluores-
cence turn-on response of the sensor to Hg*" ions. Metal-free
(apo) MGT1 has a single visible absorption maximum at
485nm (¢=29x10'm'cm™") and is weakly fluorescent
(Aem =514 nm, ®=0.02). Addition of Hg*" ions triggers a
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Figure 1. a) Fluorescence response of 1 uM MG1 to Hg?" ions in
aqueous solution. Spectra shown are for Hg?"-ion concentrations of 0,
0.05, 0.1, 0.15, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1.0, 1.2, 1.8, 2.0, 3.2, 4.0, and
6.7 uMm. The arrow indicates change with increasing Hg**-ion concen-
tration. Spectra were acquired in 20 mm HEPES (pH 7) with excitation
at 480 nm. b) Relative responses of MG1 (black bars) and its unre-
stricted analogue MF1 (white bars) to ppb levels of Hg*" ions. Data
were acquired under similar conditions to obtain an accurate reflection
of the relative brightness of the dyes in response to Hg*" ions (1 um
dye, 20 mm HEPES, pH 7). Excitation was provided at 495 nm, and the
emission was integrated over 505 to 700 nm. c) Fluorescence
responses of MG1 to various metal ions. Bars represent the final
integrated fluorescence response (If) over the initial integrated emis-
sion (1). Initial spectra were acquired in 20 mm HEPES, pH 7. White
bars represent the addition of an excess of the appropriate metal ion
(5 mm for Li*, Na*, K*, Mg?*, and Ca®", 300 um for Fe**, Fe’*, and
Cu'*, and 500 um for all other cations) to a 1 um solution of MG1.
Black bars represent the addition of 5 or 50 um Hg?" to solutions
containing MG1. Excitation was provided at 495 nm, and the emission
was integrated over 505 to 700 nm. 1) Hg®"; 2) Li*; 3) Na™; 4) K;

5) Mg?*; 6) Ca’*; 7) Sr*%; 8) Mn”"; 9) Fe?™; 10) Fe*™; 11) Co®™; 12) Ni*T;
13) Cu™; 14) Cu?; 15) Zn®*; 16) Cd®*; 17) Pb*".

44-fold increase in integrated emission for MG1 with slight
shifts in excitation (494 nm, e =4.8 x10*M'cm™!) and emis-
sion (513 nm) maxima. The quantum yield @ = 0.72 for Hg**-
bound MG1 is the highest reported value to date for a Hg*'-
ion sensor in water. For comparison, the unrestricted ana-
logue MF1 has a Hg**-bound quantum yield of 0.16.
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Figure 1b gives the relative responses of MG1 and MF1 to
various aqueous Hg**-ion levels in the ppm—ppb range and
shows that restricting rotation between reporter and receptor
units dramatically increases the absolute change in fluores-
cence turn-on upon Hg*'-ion detection. For example, at
10 ppb Hg*" ion, MG1 is over 11 times more responsive than
its unrestricted congener MF1. Owing to its improved optical
brightness, MG1 is sensitive enough to detect environmen-
tally relevant concentrations of Hg”" ions in aqueous solution.
Addition of 2 ppb of Hg*" ions, the maximum US EPA limit
for allowable levels of Hg?" ions in drinking water, to a 1-um
solution of MG1 affords a (72 +10) % emission increase. In
contrast, the unrestrained analogue MF1 is not capable of
detecting 2 ppb levels of Hg?" ions under similar conditions.
Finally, binding studies, using the method of continuous
variations, point to a 1:1 Hg*"/MG1 complex being respon-
sible for the observed fluorescence turn-on with K,= (895 +
85) nm.

Because of its thioether-rich receptor,”)! MG1 retains
excellent selectivity for Hg”" ions in the presence of a range of
competing metal ions found in environmental and biological
settings (Figure 1¢). MG1 exhibits excellent selectivity for
Hg”*" ions over alkali and alkaline-earth cations, including
millimolar concentrations of Li, Na®, K*, Mg*', and Ca**,
first-row transition-metal ions Mn?*, Fe*!, Fe**, Co*", Ni*",
Cu", and Cu*" added at 300- to 500-fold excess, Group 12
metal ions Zn’" and Cd*", and the common heavy-metal
contaminant Pb?". Of note are the observed selectivities for
Hg*" over Cu** and Pb**, which are major competitors in real-
life field samples.

We explored opportunities for MG1 in environmental and
biological applications. Initial studies tested the ability of this
bright probe to track changes in mercury levels in living cells.
Live-cell imaging experiments utilized the acetoxymethyl
ester protected form of MGl (MGI1-AM) to enhance
membrane permeability. Confocal microscopy images of live
HEK 293T cells loaded with 1 um of MG1-AM for up to
60 min at 37°C show relatively low levels of background
intracellular fluorescence (Figure 2a), consistent with the
photoinduced-electron-transfer-quenched form of the apo
dye. In contrast, MG1-labeled cells exposed to 4 ppm of Hg*"
for 30 min at 37°C show increased intracellular fluorescence
compared to cells not treated with mercuric salts (Figure 2b).
Treatment with the heavy-metal chelator TPEN (N,N,N',N'-
tetrakis(2-picolinyl)ethylenediamine) for 1min at 25°C
reduces the observed fluorescence enhancements (Figure 2¢).
Brightfield measurements and Hoescht-33342 staining con-
firm that the cells are viable throughout the imaging studies
(Figure 2d and Supporting Information), and control experi-
ments on cells without dye give no fluorescence over back-
ground levels. These data establish that MG1 can respond
reversibly to increases or decreases in intracellular mercury
levels within living cells at ppm levels.

We also investigated MG1 for Hg’'-ion detection in
complex tissue. Owing to widespread interest in determining
mercury contamination in edible fish, we applied MG1 to
analyze fish mercury levels. Experiments utilized a series of
fish collected from freshwater sources in greater Northern
California. Small tissue samples (<100 mg) with mercury
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Figure 2. Confocal fluorescence imaging of Hg?"-ion levels using MG1
in live HEK 293T cells. a) Fluorescence image of cells incubated with

1 um MGT-AM for 60 min at 37°C. b) Fluorescence image of MG1-
loaded cells exposed to 4 ppm of HgCl, for 30 min at 37°C. c) Fluores-
cence image of cells in panel (b) treated with 2 mm of the competing
heavy-metal chelator TPEN for an additional 1 min at 25°C. d) Bright-
field image of cells in panel (c), confirming their viability. Scale
bar=40 um.

concentrations ranging from 0.03 to 13 ppm as determined by
atomic absorption spectrometry (AAS) were digested in
nitric acid under microwave irradiation and then made basic,
brought to pH 7 in 20-mm HEPES buffer, and assayed with
MGT1. Figure 3 shows a linear relationship between fluores-
cence response and mercury content in this series of fish,
establishing that MG1 can distinguish safe and toxic levels of
mercury in edible fish samples according to the 0.55 ppm US
EPA standard by an emission response.”
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Figure 3. Fluorometric detection of Hg?" ions in fish with MG1: North
Thermolito Afterbay (carp, 0.03 ppm Hg), Lime Saddle Marina (blue-
gill, 0.10 ppm Hg), North Thermolito Afterbay (red ear sunfish,

0.21 ppm Hg), Lake Oroville Upper MF (spotted bass, 0.52 ppm Hg),
Lake Oroville Bidwell Arm (spotted bass, 0.72 ppm Hg), Lake Oroville
SF Arm, McCabe Cove (large mouth bass, 1.06 ppm Hg), Calero
Reservoir (bass, 1.0 ppm Hg), Lake Almaden (bass, 2.5 ppm Hg),
Almaden Reservoir (bass, 5.5 ppm Hg), Guadelupe Reservoir (bass,
7.5 ppm Hg), Guadelupe Reservoir (bass, 13 ppm Hg). Excitation was
provided at 485 nm, and the emission was integrated over 495 to

700 nm.
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In conclusion, we have described the synthesis and
properties of MG1, a bright and specific fluorescent sensor
for Hg?" ions in water, cells, and tissue. MG1 features the
highest quantum efficiency to date for a Hg**-bound sensor in
water (@ =0.72), excellent Hg*"-ion specificity, a 44-fold
turn-on response, and sensitivity to environmentally and
biologically relevant mercury levels in the ppm to ppb range
in complex natural samples. Additional experiments establish
the utility of this chemosensor for tracking mercuric ions in
living cells as well as assaying safe and toxic levels of Hg*"
ions in fish according to US EPA standards. Because a
common limitation of applying small-molecule fluorophores
to natural samples in the laboratory and the field is low
optical brightness in aqueous media, we anticipate that this
restricted-rotation approach should find utility in the future
design of metal-ion sensors with high quantum efficiencies in
water for a variety of chemical and biological applications.

Experimental Section

Experimental Details are provided in the Supporting Information

Received: April 23, 2007
Published online: July 30, 2007

Keywords: fluorescein - fluorescence - mercury - sensors

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[1] US EPA, Regulatory Impact Analysis of the Clean Air Mercury
Rule: EPA-452/R-05-003, Research Triangle Park, NC, 2005.

[2] a) T. W. Clarkson, L. Magos, G. J. Myers, N. Engl. J. Med. 2003,
349, 1731; b) N. K. Mottet, M. E. Vahter, J. S. Charleston, L. T.
Friberg, Met. lons Biol. Syst. 1997, 34, 371; c) P. W. Davidson,
G. J. Myers, C. Cox, C. Axtell, C. Shamlaye, J. Sloane-Reeves, E.
Cernichiari, L. Needham, A. Choi, Y. Wang, M. Berlin, T. W.
Clarkson, JAMA J. Am. Med. Assoc. 1998, 280, 701; d) M.
Harada, Crit. Rev. Toxicol. 1995, 25, 1.

[3] a) G. Hennrich, H. Sonnenschein, U. Resch-Genger, J. Am.
Chem. Soc. 1999, 121, 5073; b) L. Prodi, C. Bargossi, M.
Montalti, N. Zaccheroni, N. Su, J. S. Bradshaw, R. M. Izatt,
P. B. Savage, J. Am. Chem. Soc. 2000, 122, 6769; c) K. Rurack, M.
Kollmannsberger, U. Resch-Genger, J. Daub, J. Am. Chem. Soc.
2000, 722, 968; d) H. Sakamoto, J. Ishikawa, S. Nakao, H. Wada,
Chem. Commun. 2000, 2395; e¢) A. B. Descalzo, R. Martinez-
Maiiez, R. Radeglia, K. Rurack, J. Soto, J. Am. Chem. Soc. 2003,
125,3418; f) E. M. Nolan, S. J. Lippard, J. Am. Chem. Soc. 2003,
125, 14270; g) X. Guo, X. Qian, L. Jia, J. Am. Chem. Soc. 2004,
126, 2272; h) S. Y. Moon, N. R. Cha, Y. H. Kim, S.-K. Chang, J.
Org. Chem. 2004, 69, 181; i) A. Caballero, R. Martinez, V.
Lloveras, I. Ratera, J. Vidal-Gancedo, K. Wurst, A. Tarraga, P.
Molina, J. Veciana, J. Am. Chem. Soc. 2005, 127, 15666; j) J. V.
Mello, N. S. Finney, J. Am. Chem. Soc. 2005, 127,10124; k) S.-Y.
Moon, N.J. Youn, S. M. Park, S.-K. Chang, J. Org. Chem. 2005,
70,2394; 1) E. M. Nolan, S. J. Lippard, J. Mater. Chem. 2005, 15,
2778;m) S. H. Kim, J. S. Kim, S. M. Park, S.-K. Chang, Org. Lett.
2000, 8, 371; n) E. M. Nolan, M. E. Racine, S. J. Lippard, Inorg.
Chem. 2006, 45, 2742; 0) J. Wang, X. Qian, J. Cui, J. Org. Chem.
2006, 71, 4308; p) J. Wang, X. Qian, Org. Lett. 2006, 8,3721; q) S.
Tatay, P. Gavina, E. Coronado, E. Palomares, Org. Lett. 2006, 8,
3857; r) X.-M. Meng, L. Liu, H.-Y. Hu, M.-Z. Zhu, M.-X. Wang,
J. Shi, Q.-X. Guo, Tetrahedron Lett. 2006, 47,7961;s) J. Wang, X.
Qian, Chem. Commun. 2006, 109; t) A. Coskun, E. U. Akkaya, J.
Am. Chem. Soc. 2006, 128, 14474; u) E. M. Nolan, S. J. Lippard,
J. Am. Chem. Soc. 2007, 129, 5910.

Angew. Chem. Int. Ed. 2007, 46, 6658 -6661


http://www.angewandte.org

[4] a) M. Y. Chae, A. W. Czarnik, J. Am. Chem. Soc. 1992, 114, 9704;
b) B. Liu, H. Tian, Chem. Commun. 2005, 3156; c) J. V. Ros-Lis,
M. D. Marcos, R. Martinez-Manez, K. Rurack, J. Soto, Angew.
Chem. 2005, 117, 4479; Angew. Chem. Int. Ed. 2005, 44, 4405;
d) Y.-K. Yang, K.-J. Yook, J. Tae, J. Am. Chem. Soc. 2005, 127,
16760; ¢) G. Zhang, D. Zhang, S. Yin, X. Yang, Z. Shuai, D. Zhu,
Chem. Commun. 2005, 2161; f) K. C. Song, J. S. Kim, S. M. Park,
K.-C. Chung, S. Ahn, S.-K. Chang, Org. Lett. 2006, 8,3413; g) H.
Zheng, Z.-H. Qian, L. Xu, F-F. Yuan, L.-D. Lan, J.-G. Xu, Org.
Lett. 2006, 8, 859; h) X.-J. Zhu, S.-T. Fu, W.-K. Wong, J.-P. Guo,
W.-Y. Wong, Angew. Chem. 2006, 118, 3222; Angew. Chem. Int.
Ed. 2006, 45, 3150; i) Z. Wu, Y. Zhang, J. S. Ma, G. Yang, Inorg.
Chem. 2006, 45, 3140; j) J.-S. Wu, 1.-C. Hwang, K. S. Kim, J. S.
Kim, Org. Lett. 2007, 9, 907.

[5] a) I. Murkovic, O. Wolfbeis, Sens. Actuators B 1997, 39, 246;
b) L.-J. Fan, Y. Zhang, W. E. Jones, Jr., Macromolecules 2005, 38,
2844; ¢) I.-B. Kim, U. H. F. Bunz, J. Am. Chem. Soc. 2006, 128,
2818.

Angewandte

[6] a) P. Chen, C. He, J. Am. Chem. Soc. 2004, 126, 728; b) A. Ono,
H. Togashi, Angew. Chem. 2004, 116, 4400; Angew. Chem. Int.
Ed. 2004, 43, 4300; c) M. Matsushita, M. M. Meijler, P. Wirsch-
ing, R. A. Lerner, K. D. Janda, Org. Lett. 2005, 7, 4943; d) Y.
Zhao, Z. Zhong, J. Am. Chem. Soc. 2006, 128, 9988.

[7] a) Z. Zhang, X. Guo, X. Qian, Z. Lu, F. Liu, Kidney Int. 2004, 66,
2279; b) S. Yoon, A. E. Albers, A. P. Wong, C. J. Chang, J. Am.
Chem. Soc. 2005, 127, 16030; c) S.-K. Ko, Y.-K. Yang, J. Tae, L.
Shin, J. Am. Chem. Soc. 2006, 128, 14150.

[8] Y. Urano, M. Kamiya, K. Kanda, T. Ueno, K. Hirose, T. Nagano,
J. Am. Chem. Soc. 2005, 127, 4888.

[9] C. Caltagirone, A. Bencini, F. Demartin, F. A. Devillanova, A.
Garau, F. Isaia, V. Lippolis, P. Mariani, U. Papke, L. Tei, G.
Verani, Dalton Trans. 2003, 901.

[10] Colorimetric assays for mercury in fish: a) O. Briimmer, J. J.
La Clair, K. D. Janda, Org. Lett. 1999, 1, 415; b) O. Briimmer,
J.J. La Clair, K. D. Janda, Bioorg. Med. Chem. Lett. 2001, 9,
1067.

Angew. Chem. Int. Ed. 2007, 46, 6658 —6661

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

Chemie

6661


http://www.angewandte.org

