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1. Introductory Remarks

Because of continuing concern over mercury in the
environment and its deleterious effects on human health,
obtaining new mercury detection methods that are cost-
effective, rapid, facile and applicable to the environmental
and biological milieus is an important goal. This objective
has recently emerged as a focal point in the chemistry and,
more broadly, sensing communities. The purpose of the
present review is to provide a comprehensive account of
recent progress in the design and application of optical
sensors for mercury. A significant body of literature, guided
by seminal work on cation sensing,' ™ describes the prepara-
tion of small molecule Hg(II) detectors, and we highlight
these strategies. We also cover complementary approaches
that incorporate similar design principles and provide optical
feedback, including Hg(II)-responsive biomolecules and
materials. Potentiometric’ and ampometric/conductometric/
electrochemical®'* approaches to Hg(Il) analysis are not
discussed. Traditional analytical techniques for Hg(II) quan-
tification, including atomic absorption spectroscopy,' cold
vapor atomic fluorescence spectrometry,'®!'” and gas chro-
matography,'® are also outside the scope of this review.

To put the need for new mercury detection methods into
perspective, we begin in Section 2 with a discussion of the
causes and consequences of mercury pollution, the latter of
which impact human and environmental health on a global
scale. In Section 3, we describe several instrumental approaches
that employ chromophores for mercury detection. Our discus-
sions of Hg(II) probes begin with Section 4, which highlights
design considerations and the challenges in small-molecule
optical sensor development. Many of the topics addressed in
this section also pertain to biomolecule- and materials-based
sensors. Sections 5-7 focus on fluorescent small-molecule
Hg(I) detectors, with “turn-off” detection covered in Section
5, “turn-on” in Section 6, and ratiometric in Section 7. We
subdivide Sections 5-7 according to the solvent system(s)
employed for characterization: (i) organic, (ii) aqueous/organic,
or (iii) aqueous. We define aqueous/organic mixtures as those
in which the organic component comprises =5% of the mixture.
This subdivision emphasizes that achieving water-solubility or
-compatibility is an important goal, and significant progress has
been made to extend water-insoluble sensors to aqueous media.
Colorimetric Hg(IT) detection is a focus for a number of research
laboratories, and we outline progress in this area in Section 8.
In some cases, a probe has been characterized in the literature
as both fluorometric and colorimetric. In these instances, we
place the sensor into the category where it displays superior
behavior or is better characterized. Sections 9 and 10 address
approaches to Hg(Il) detection that rely on biomolecules and

[J 2008 American Chemical Society

Published on Web 07/25/2008



3444 Chemical Reviews, 2008, Vol. 108, No. 9

Elizabeth M. Nolan was born in Albany, New York, and graduated magna
cum laude from Smith College in 2000 with highest honors in chemistry. As
an undergraduate, she conducted computational research with Professor R. G.
Linck, which addressed long-range stereoelectronic effects in substituted
alkanes. She was named Beckman Scholar, elected into Phi Beta Kappa,
and received a Fulbright Scholarship. She conducted her graduate studies in
inorganic chemistry at the Massachusetts Institute of Technology, where she
joined the laboratory of Professor Stephen J. Lippard. Her doctoral research
focused on the synthesis, characterization, and application of small-molecule
fluorescent sensors for detecting zinc in biological samples and mercury in
aqueous solution. She was a recipient of a NDSEG graduate fellowship and
a National Young Investigator Award from the ACS Division of Inorganic
Chemistry. Liz is currently a NIH postdoctoral fellow in the laboratory of
Professor Christopher T. Walsh at Harvard Medical School. She is studying
several proteins involved in the assembly of an antibiotic “Trojan horse” peptide
that targets Gram-negative bacteria expressing siderophore uptake pumps.

Y o

Stephen J. Lippard is the Arthur Amos Noyes Professor of Chemistry at the
Massachusetts Institute of Technology. He was born in Pittsburgh, Pennsyl-
vania, and attended Haverford College and MIT before assuming a faculty
position at Columbia University in 1966. He retured to MIT in 1983 and was
Head of the Chemistry Department there from 1995 to 2005. His research
spans chemistry, biochemistry, and neuroscience. Specific areas of interest
are platinum anticancer drugs, biological and chemical studies of carboxylate-
bridged diiron centers for hydrocarbon oxidation, including methane and arene
monooxygenases, and metalloneurochemistry. The last topic includes probing
and understanding mobile zinc and nitric oxide as signaling agents and
elucidating the fundamental reactions of NO with metal, especially iron,
thiolates. Interest in the subject of this review grew out of work fioneered by
coauthor Liz Nolan to devise fluorescent sensors for Hg?™ ion in the
environment.

materials, respectively. We close in Section 11 with future direct-
ions. We cover work published through July 2007.

2. Mercury in the Environment

The biogeochemical cycling of mercury is complex and
influenced by many factors that include human activities,
climate fluctuations, geology, and natural disasters. Our
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knowledge of mercury toxicity is mainly derived from
epidemiological studies of accidentally exposed populations,
complemented by in vitro and in vivo toxicological inves-
tigations. In the following sections, we provide a brief
account of the sources and repositories of mercury in the
environment and their effects on public health.

2.1. Sources of Mercury Contamination and
Bioaccumulation

Mercury pollution is a global problem and a major source
of human exposure stems from contaminated natural
waters.'*! Inorganic mercury, Hg(0) and Hg(Il), is released
into the environment through a variety of anthropogenic and
natural sources. Industrial sources of mercury include coal
and gold mining, solid waste incineration, wood pulping,
fossil fuel combustion, and chemical manufacturing.?*~*>
Greater than 80% of mercury emissions in the United States
result from fossil fuel combustion and solid waste incinera-
tion. Nonanthropogenic sources of inorganic mercury include
volcanic and oceanic emissions as well as forest fires. The
United States Environmental Protection Agency (EPA) has
mandated an upper limit of 2 ppb (10 nM) for Hg(Il) in
drinking water.*’

Emitted elementary mercury vapors are easily transported
in the atmosphere, often across continents and oceans, and
are eventually oxidized to Hg(II). Atmospheric deposition
of Hg(Il) results in its accumulation on plants, in topsoil,
and in waters. Irrespective of the source and initial site of
deposition, Hg(Il) ultimately enters freshwater and marine
ecosystems. A fraction of this Hg(I) is reduced to Hg(0) by
microorganisms, including algae and cyanobacteria, and is
subsequently released back to the atmosphere.?® Another
portion of the Hg(I) accumulates in underwater sediments.
Some prokaryotes that live in these sediments convert this
inorganic mercury to methylmercury, which we define as
any CH3;HgX species, as do bacteria that reside in fish gills
and gut. In addition to this acknowledged source, some
ecological studies point to the occurrence of abiotic mercury
methylation under certain environmental conditions, but more
work is needed to evaluate this hypothesis.”’ Because
methylmercury is lipophilic, readily absorbed, and poorly
excreted, it enters the food chain and biomagnifies in higher
organisms, especially in the muscles of large predatory fish,
including tuna, swordfish, and whales, and is subsequently
ingested by humans,'2%-28-32

Although often overlooked, at least in the chemical
literature, mercury bioaccumulation also occurs in plants,
which provides additional routes of entry into the food
web.*'*? Mosses take up Hg(IT) from atmospheric deposition
and tree leaves are another Hg(II) repository. Mercury
reduces photosynthesis and transpiration in plants, the former
of which may impact the global carbon cycle. The bioac-
cumulated mercury reenters soils and natural waters follow-
ing plant decay or is consumed by birds and mammals, and
thereby further enters the food chain.

Additional sources of human exposure to mercury include
the household®* and workplace,® religious practices,®**°
dental amalgams,”f39 and vaccines.*>*

2.2. Consequences for Human Health

The biological targets and toxicity profile of mercury
depend on its chemical composition.**** Methylmercurials,
the species of greatest concern, are readily absorbed by the
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human GI tract, cross the blood-brain barrier, and target the
central nervous system. In the absence of accidental poison-
ing, the only known source of human exposure to methyl-
mercury is through seafood consumption. Many acute
poisonings occurred in Minamata, Japan (1950-1960s)
following the release of mercury into the Agano River; the
subsequent case studies provided a significant portion of our
knowledge about methylmercury intoxication.*>~** Another
noteworthy epidemic occurred in Iraq after methylmercury-
tainted seed grain was used for bread.*>° Neurological
problems associated with methylmercury intoxication are
manifold and include prenatal brain damage, cognitive and
motion disorders, vision and hearing loss, and death. The
ramifications of long-term and low-level exposure to meth-
ylmercury are less clear and warrant thorough toxicological
investigations. This mode of exposure is currently of
particular concern for human embryos, the developing fetus,
and children.’'™ At the molecular and cellular levels,
methylmercury causes oxidative stress’® and lipid peroxi-
dation,”” and it inhibits the division and migration of neurons.
It accumulates in astrocytes, preventing glutamate uptake,
and thereby causes excitotoxic injury to neurons.*>>® Inor-
ganic mercury targets the renal epithelial cells of the kidney,
causing tubular necrosis and proteinuria.’>®® It is also a
neurotoxin and causes immune system dysfunction.*’

The global cycling of mercury and consequential human
health risks present the scientific community with some
important tasks, which include the development of safer
manufacturing practices, performance of more detailed
toxicological studies, and implementation of environmental
remediation. Efforts directed toward the design and imple-
mentation of new mercury detection tools will ultimately aid
these endeavors.

3. Instrumental Approaches to Mercury Detection
Employing Chromophores

Traditional quantitative approaches to Hg(Il) analysis in
water samples employ a number of analytical techniques that
include atomic absorption spectroscopy, cold vapor atomic
fluorescence spectrometry, and gas chromatography. Many
of these methods require complicated, multistep sample
preparation and/or sophisticated instrumentation. More re-
cently, to avoid tedious sample preparation and enhance
detection limits, small-molecule chromophores have been
combined with liquid chromatography and capillary elec-
trophoresis as alternative approaches for monitoring both
inorganic mercury and organomercurials.

3.1. Liquid Chromatography

High performance liquid chromatography (HPLC) facili-
tates the separation and identification of analytes in com-
plicated mixtures and has been used in conjunction with
organic chromophores to detect Hg(Il). In one study, various
metal complexes of N-methyl-N-9-(methylanthracene)-N'-
benzoylthiourea, 1 (MABT, Figure 1), were extracted into
chloroform and separated by HPLC, which afforded detection
limits in the ng range.®' A linear response from 2 — 200 ng
of Hg(II) was obtained.

Three approaches to chromatographic Hg(II) detection
have been described that utilize chemical reactions to form
Hg(II)-chromophore complexes (Figure 2).°>~%* These meth-
ods rely on the known reactions of monosubstituted terminal
alkynes with organic or inorganic Hg(Il) species, which
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Figure 1. MABT, 1, and TPEN, 13, are compounds employed
for fluorescent and UV detection of Hg(II) following separation of
the complexes by HPLC or capillary electrophoresis, respectively.

afford Hg(Il) acetylides in high yields. Incorporating a
chromophore into the alkyne provides efficient and selective
labeling of dissolved Hg(II), which can be analyzed by HPLC
with UV or fluorescence detection. In one demonstration of
this approach, the acridinone-appended silyated alkyne 2 was
allowed to react with CH;HgX (X = CI, Br) in dichlo-
romethane and in the presence of TBAF, and the resulting
methylmercury acetylide 3 was detected by HPLC/UV
(Figure 2a).°> When excess 2 is employed,>85% formation
of 3 occurs in 20 min at 20 °C. The sensitivity of this method
is high; concentrations as low as 6 nM methylmercury were
detected. Because the reaction is run in the organic phase,
competition from metal ions that might interfere with
mercury binding to the alkyne triple bond is unlikely. This
procedure was used to analyze CH3HgX in samples of tuna
fish muscle with a certified CH3;HgX content of 5.12 ug/g.
The fish samples were treated with aqueous KBr/H,SO4/
CuSO4q to dissolve CH3HgX, which was then extracted into
dichloromethane and analyzed by both cold vapor atomic
fluorescence spectrometry and HPLC/UV following treat-
ment with 2. The latter approach detected 88 £ 5% of the
extracted Hg(II). Further studies with samples from fish gills
and clams gave similar agreement between the two analytical
techniques, establishing the utility of this approach for
methylmercury analysis.

In subsequent work, a luminescent bithiazole was deriva-
tized with a terminal alkyne and employed for both meth-
ylmercury and inorganic Hg(II) detection by HPLC/UV
spectroscopy (Figure 2b).%* Ethynylbithiazole 4 reacts with
Hg(II) and CH3HgCl in mixed dichloromethane/water sol-
vents containing NaOH and NaCl to form mercury acetylides
5 and 6, respectively, in almost quantitative yield after 2 h
at 20 °C. The acetylide products can be separated from 4 by
reverse phase HPLC/UV with a THF/water mixture as the
mobile phase. Linear correlations between the actual and
determined mercury concentrations were obtained, >0.99 for
both inorganic Hg(Il) and methylmercury, with detection
limits of ~0.5 and ~0.3 ng, respectively.

An analogous method employs fluorene-appended alkynes
for Hg(Il) detection (Figure 2¢).** Essentially quantitative
conversion of 7/8 to 9/10 occurs in 2 h (T = 20-25 °C)
following addition of Hg(IT) when a dichloromethane/water
biphasic system containing NaOH and NaCl is employed.
Acetylides 9/10 can be separated from 7/8 on a C8 reverse
phase column with a THF/water gradient and detected by
UV-vis spectroscopy. This system provides a linear response
to Hg(Il) and its sensitivity is comparable to that of the
thiazole-based approach (Figure 2b) with >90% recovery
possible (2.5 ppm mercury, 2 h reaction time) and a lower
detection limit of ~0.5 ng Hg(II). Although 11 and 12 were
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Figure 2. Chromophore-functionalized alkynes employed for Hg(Il) detection by HPLC following chemical reactions. (a) Acridinone-
functionalized alkyne, (b) bithiazole-functionalized alkyne, (c) fluorene-appended alkynes.

prepared and isolated on a preparative scale, the details of
their HPLC/UV detection following treatment of 7/8 with
CH;3;HgX were not reported. This method was applied to
seawater samples spiked with HgCl,. Less Hg(Il) (~44% at
2.5 ppm) was recovered from the seawater samples than from
samples where deionized water was employed in the de-
rivatization reactions, a result attributed to interference by
other metal ions and/or soluble organic material.

3.2. Capillary Electrophoresis

Capillary electrophoresis has been employed to quantitate
CH3HgX extracted from fish samples. In early work, cysteine
was employed in the final step of a Hg(Il) extraction
procedure,® which provides a Hg(II) complex well-suited
for electrophoretic migration.*® Because this approach re-
quires UV detection at 200 nm, a wavelength where many
other species absorb, the method is susceptible to false
positives and unstable baseline readings. In subsequent work,
the cysteine was substituted by dithizone sulfonate, which
provides a Hg(II) complex stable to electrophoretic migration
and UV detection at 480 nm.®”®® The Hg(Il) recovery
following derivatization was 82.5 = 1.98%. This method was
applied to determine methylmercury content in a variety of
fish and crab samples. For instance, analysis of a certified
sample of dogfish muscle afforded a methylmercury value
of 714 £ 12 ug/kg, in good agreement with the certified
value of 731 £ 60 ug/kg.

More recently, the heavy metal-ion chelator N,N,N',N'-
tetrakis(2-pyridylmethyl)ethylenediamine, 13, (TPEN, Figure
1) was used in conjunction with capillary electrophoresis to

separate and quantify metal ions in a mixture.®® A detection
limit of 1.1 uM and a linear response up to 100 uM Hg(II)
were obtained. The detection limit is higher than those
obtained for other metal ions, including Zn(II), Cd(II) and
Pb(II) (390 — 520 nM). Given the lipophilicity of the TPEN
ligand, this approach or modifications thereof could prove
useful in determining metal ion concentrations in tissues
following digestion and extraction or in cells following lysis.

4. Considerations for Small-Molecule Mercury
Sensor Design

The instrumental techniques discussed above often provide
direct and quantitative information about Hg(Il) concentra-
tions, but are not well-suited for quick detection of Hg(II)
in the field or for in vivo studies of Hg(II) biology and
toxicology. The use of mercury-responsive small-molecule
ligands that provide immediate optical feedback can over-
come such limitations because their use does not require
sophisticated instrumentation or sample preparation. In this
section, we focus on the design of such small-molecule-based
Hg(I) sensors. Many of the principles and attributes
discussed here are also relevant to the development of
detectors based on biomolecules and materials, which we
discuss later in Sections 9 and 10, respectively.

Mercury(I) ion has no optical spectroscopic signature
because of its closed-shell d'° configuration, which limits
the kinds of methods that can be applied to its study. Optical
detection, following changes in solution fluorescence or
UV-vis spectroscopy resulting from a Hg(Il)-induced per-
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turbation of a chromophore, is arguably best suited for
monitoring Hg(II) in either environmental or biological
contexts. Small-molecule ligands designed to give optical
read-outs of Hg(II) upon complexation can ultimately be
engineered into assay Kkits, portable fiber optic devices, and
commercial indicators, facilitating rapid Hg(I) detection in
the laboratory, field, and even household.

A number of considerations influence the design of small
molecule ligands for sensing Hg(II). First and foremost, the
probe should be highly selective for Hg(Il) over all other
components in the environmental or biological sample,
including thiols, organic acids, alkali and alkaline earth metal
ions, and various transition metal ions. Probe affinity, defined
by the K4 value for Hg(Il), is also an important consideration.
This value should approach the median concentration of
Hg(I) in the sample to allow the detection of both increases
and decreases in analyte concentration. If the concentration
of Hg(II) is unknown, then a suite of sensors with varying
affinity may be required. Given the EPA mandated limit of
2 ppb (10 nM) for inorganic Hg(II) in United States drinking
water,”® high affinity probes with detection limits in the ppt
to low-ppb range are required to analyze natural water
samples. This value range differs from that for fish, where
mercury bioaccumulates and can reach ppm levels, for which
lower affinity probes may be more appropriate. A fast and
readily detectable response to Hg(II) is also important. For
household use, visual detection is a paramount goal. For
fluorescence detection of Hg(Il), enhancement (“turn-on’)
is preferable to fluorescence quenching (“turn-off”) because
it lessens the chance of false positives and is more amenable
to multiplexing, the simultaneous use of several detectors
that uniquely respond to different analytes. Because Hg(II)
is a heavy metal ion that can quench fluorescence by several
mechanisms,”®"> achieving turn-on detection can be a
significant challenge. Ratiometric sensing offers several
additional advantages.”® In this approach, a change in
absorption or emission with analyte binding is monitored at
two wavelengths. Ratiometric sensing is less prone to
artifacts and is superior for studies of inhomogeneous
samples. It can also facilitate analyte quantification.

Reversibility may be important for attributing a signal to
Hg(II), rather than some other phenomenon, and for recycling
of the indicator. Strictly speaking, a “sensor” or “chemosen-
sor” must respond to its analyte reversibly. Many of the
systems described here respond to Hg(Il) irreversibly and
are therefore more appropriately designated as Hg(ID)-
responsive probes or detectors. If the probe relies on an
irreversible chemical reaction it is classified as a dosimeter.
In some cases, reversibility has not been proved, but can be
anticipated based on the principles of coordination chemistry.
Depending on the application, other features that may warrant
consideration are water solubility, pH sensitivity, cell perme-
ability, and toxicity. For work in live cells or tissues, all of
these parameters are important because a nontoxic and water-
soluble probe that functions at physiological pH is required.
This need contrasts with the potential requirements for
ecological studies where, for instance, sample pH can vary
dramatically. Water-soluble probes that operate under acidic
or basic conditions are therefore necessary.

Some of these desired attributes are easy to address in the
design of a sensor. The affinity and selectivity can both be
tuned through modifications of the Hg(Il) binding unit. In
this regard, principles of Hg(Il) coordination chemistry
should be considered in selecting a Hg(II)-responsive moiety
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for incorporation into the probe. Because of its 5d'%6s?
electronic configuration and lack of ligand field stabilization
energy, Hg(Il) can accommodate a range of coordination
numbers and geometries. Two-coordinate linear and four-
coordinate tetrahedral species are common. Hg(Il) is a soft
acid and the use of soft donor atoms, including thiols and
thioethers, in a chelating unit will generally increase its
affinity and selectivity for Hg(II). Other donor atoms well-
suited for Hg(II) coordination include nitrogen and phos-
phorus, as well as halides. Hg(II) has a propensity to form
Hg—ClI bonds, which can affect the speciation and optical
readout of a Hg(Il)-sensor complex in environmental and
biological samples.

The Hg(Il) ion detection limit can be tuned by both the
choice of chelate and chromophore. These two variables also
control the water-solubility of a probe. For fluorescent
indicators, the excitation and emission wavelengths are
dictated by the choice of fluorophore, and the brightness is
defined as the product of the quantum yield and extinction
coefficient (& x €). Similarly, the choice of chromophore
will determine the absorption profile of a colorimetric sensor.
Other factors are less readily predictable, especially for
fluorimetric probes. Anticipating the Hg(II) response (turn-
off vs turn-on) of an intensity-based fluorogenic probe is
often not straightforward. For in vivo work, predictions of
cell permeability can be made by comparisons with known
biological reagents, but may vary with cell type and
incubation conditions. The toxicity profile of a given sensor
may also fluctuate with cell type or the organism under study
and therefore must be evaluated in control studies.

A detailed account of the various mechanisms used to
rationalize the behavior of small-molecule chromogenic
Hg(II) probes is beyond the scope of this review. These topics
are covered in detail elsewhere.> In brief, mechanisms
commonly invoked to explain the response of optical sensors
to Hg(II) are electron transfer (ET) and charge transfer (CT).
These general categories include photoinduced electron
transfer (PET), internal charge transfer (ICT), and photoin-
duced charge transfer (PCT). Fluorescence quenching by
Hg(Il) is often attributed to electron transfer and, more
generally, the heavy atom effect. In most cases, the mecha-
nistic details of the Hg(Il)-induced response are unclear,
which provides an open and important area for exploration.
Such detailed photophysical studies will be invaluable for
future work.

5. Intensity-Based “Turn-Off” Small-Molecule
Fluorescent Hg(ll) Detectors

In this section we describe fluorescent probes that provide
turn-off detection of Hg(Il). Fluorescence quenching by
heavy metal ions is a well-documented phenomenon and
occurs by a number of pathways that include spin—orbit
coupling, energy transfer, and electron transfer.”®””> Because
Hg(II) has a propensity to quench fluorophore emission, turn-
off detection is a facile approach for monitoring this metal
ion.

5.1. Turn-Off in Organic Solution

Relatively few examples of Hg(II) detectors that display
fluorescence quenching in organic solution have been
documented.”’~”® These compounds are illustrated in Figure
3. Several azacrown ethers linked to 4,4'-bis(dimethylami-
no)biphenyl reporters, 14-16, provide fluorescence turn-off
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Figure 3. Sensors that give fluorescence turn-off following Hg(Il) coordination (top) and metal-ion replacement (bottom) in organic solvents.

following Hg(IT) addition in MeCN (Aex = 270 nm; Aep, =
370 nm).”” These probes have low selectivity for Hg(II)
because other divalent metal ions, including Ni(Il), Zn(II)
and Cd(II), also cause fluorescence turn-off. Furthermore,
fluorescence enhancement is observed for 14 in the presence
of Pb(Il) (Aem ~ 420 nm) and 16 provides turn-on Cu(II)
detection in MeCN (Aer, = 525 nm). As a result of their cross-
reactivity, these macrocycles are not well-suited for Hg(II)
detection in any complicated mixture.

A near-IR emitting probe, 17, based on an expanded
porphyrin containing six pyrrole rings (Figure 3), affords
turn-off Hg(IT) detection in MeOH.”® The emission spectrum
of apo 17 has two local maxima at 959 and 1085 nm (Ax =
514 nm). Addition of Hg(II) to 17 causes the solution color
to change from bright red to blue with a shift in maximum
absorption from 543 to 568 nm. An ~40-fold reduction in
NIR emission intensity is also observed. Of the seventeen
metal ions screened, only Hg(II) promotes significant fluo-
rescence quenching, making this compound significantly
more Hg(I)-selective than macrocycles 14-16. Sensor 17
responds to Hg(II) in the presence of 40 equiv of Li(I), Na(I),
Kd), Rb(I), Mg(I), Cadl), Sr(Il), Ba(l), Cr(III), Ag(l),
Co(Il), Pd(II), Ni(Il), Zn(II), Cd(II), and Pb(Il), which
suggests that it can detect Hg(II) in a complicated matrix;
however, the effect of Cu(Il) on the fluorescence and Hg(II)-
response of 17 was not reported. Metal-binding titrations
indicate a 2:1 Hg:17 stoichiometry, and 17 has a lower
detection limit of 100 nM Hg(ID).

Metal ion replacement is a strategy that has recently been
employed for turn-off detection of Hg(II) in MeCN (Figure
3).” This approach takes advantage of the ability of various
metal ions to differentially modulate the emission of a single
ionophore. Addition of one equiv of Zn(Il) to the nonfluo-
rescent phenylene-bridged bis(pyrrol-2-ylmethyleneamine)
ligand (18, BPBA) in MeCN affords a tetranuclear square
complex, 19, and fluorescence turn-on.®® The BPBA:Zn(II)
complex exhibits visible emission (lex= 451 nm, Aem = 534
nm), a quantum Yyield of 0.18, and a high extinction
coefficient (g451 = 2.6 X 10° Mflcmfl). Introduction of
Hg(Il) to a solution of 19 causes its decomposition and
formation of the nonemissive dinuclear complex 20. Ap-
proximately 2.5-fold fluorescence quenching is observed

following Hg(II) addition in MeCN and the wavelength of
maximum absorption undergoes a hypsochromic shift from
451 to 422 nm (420 = 1.2 x 10° M~ 'em™"). Other cations,
including Mn(II), Fe(IT), Co(11), Ni(II), Fe(III), AI(III), Pb(ID),
Cd(I), and various alkali and alkaline earth metals, have
negligible effect on the emission of 19, which renders the
turn-off response relatively selective for Hg(IT). Copper(II)
causes ~1.6-fold fluorescence quenching following its ad-
dition to 19.

5.2. Turn-Off in Mixed Aqueous/Organic Solution

A diversity of platforms have been employed for turn-off
Hg(II) detection in aqueous/organic solvent mixtures with
varying degrees of success. Figure 4 depicts several calix-
arene-based fluoroionophores with dansyl or pyrene reporting
groups that afford Hg(II)-induced fluorescence quenching.
Sensor Calix-DANS2, 21, has two dansyl groups appended
to p-tert-butylcalix[4]arene through amide linkages.®' In 60:
40 MeCN/H,O (pH 4), 21 exhibits its maximum emission
at 575 nm (Aex = 350 nm). Addition of Hg(Il) causes ~97%
fluorescence quenching and an ~20 nm blue-shift in the
wavelength of maximum emission. Based on electrochemical
potentials and spectrofluorimetric experiments on frozen
solutions (EtOH/MeOH, 100 K), the quenching was at-
tributed to a nonradiative energy transfer process consisting
of (i) reduction of Hg(II) by the excited dansyl chromophore
and (ii) subsequent back electron transfer, which returns
Hg(II) to its ground state. Titrations of 21 with Hg(II) reveal
1:1 binding stoichiometry, a K4 value of 67 nM for Hg(II),
and a linear response range from O to 12 uM. The detection
limit of 21 for Hg(Il) is 300 nM. Metal-ion selectivity
experiments indicate that the emission from 21 is unaffected
by K(I), Ca(l), Cu(l), Zn(II), or Cd(II). Na(I) or Pb(Il)
addition causes modest, 2.1- or 2.9-fold, fluorescence
enhancement and the presence of Pb(II) slightly diminishes
the quenching of 21 by Hg(I).

Compound 22 has a dansyl group linked to a calix[4]-
aza-crown base and provides turn-off Hg(I) detection in 4:1
MeCN/H,0 (Aex = 338 nm, Aen = 520 nm).®? Solution
studies reveal 1:1 Hg(II)-binding stoichiometry and a K4
value of 7.6 uM. Up to >80% fluorescence quenching occurs
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following Hg(II) addition and the detection limit is in the
low uM range. The selectivity of 22 for Hg(I) is relatively
poor. Other metal ions, including Pb(II), Cu(Il), Cd(II), and
Zn(Il), interfere with the generation of the Hg(II)-induced
fluorescence turn-off. In total, 22 is a poor candidate for a
practical Hg(II) sensor.

A p-tert-butylcalix[4]arene appended with a dipyrene-
linked diaza-crown ether, 23, that operates in MeOH and
mixed MeOH/H,0O has also been described (Figure 4)83
Fluorescence turn-off occurs with Hg(Il) addition in both
solvent systems, but the pyrene monomer/eximer emission
ratio strongly depends on the solvent composition. In pure
MeOH, monomer emission (Aem = 384, 404 nm) predomi-
nates, with only a small contribution from the eximer (Aep
= 475 nm), whereas in 1:1 MeOH/H,O mostly eximer
emission occurs. Introduction of 100 equiv of Hg(Il) to a
solution of 23 in MeOH results in a 96% decrease in emission
at 384 nm, attributed to the heavy atom effect. Essentially
complete disappearance of eximer emission occurs following
Hg(II) addition in 1:1 MeOH/H,O. The decrease in eximer
emission is attributed to separation of the sz-stacked pyrene
moieties following Hg(Il) coordination. The affinity of 23
for Hg(II) shows some dependence on solvent composition
with K4 values of 22 and 83 uM in MeOH and 1:1 MeOH/
H,O0, respectively. Although the affinity of 23 for Hg(Il) is
relatively low, the quenching effect is highly Hg(II)-specific.
Of thirteen other metal ions tested, Cu(Il) was the only other
cation to generate a modest response in either solvent system.

The pyrene reporter has been linked to other recognition
elements, macrocycles in particular, for turn-off Hg(II)
detection in mixed solvent systems. These sensors are shown
in Figure 5.%75¢ The bis(pyrene) diazatetrathia-crown ether,
24, exhibits both monomer (370-440 nm) and eximer (~480
nm) emission from pyrene in 90:10 MeCN/H,0.** Decreases
in the intensity of both emission bands occur following Hg(II)
addition (9.7-fold, monomer; 38-fold, eximer). As suggested
for 23, the diminished eximer emission probably stems from
rearrangement and increased distance between the pyrenes
following Hg(Il) coordination. A 1:1 Hg(II):24 complex was
identified by MALDI-TOF and 95% of the total fluorescence
change occurs in the presence of one equiv of Hg(Il). IR
studies reveal a shift of the amide carbonyl peak from 1668
to 1638 cm™ ' following Hg(Il) addition, which suggests
amide involvement in Hg(Il) binding. The detection limit
of 24 for Hg(Il) is 1.6 uM. This sensor maintains a linear
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Figure 4. Calixarene-based compounds that give turn-off Hg(Il) detection in mixed aqueous/organic solvents.

fluorescence response to Hg(I) in the presence of millimolar
concentrations of alkali and alkaline earth metals and
micromolar concentrations of Zn(II) and Cu(Il). Some
fluorescence quenching occurs following addition of Cu(II)
(5.1-fold, monomer; 6.4-fold, eximer).

Three Hg(Il)-responsive cyclam receptors diametrically
substituted with two pyrene groups have also been reported
(Figure 5). In 9:1 H,O/dioxane (pH 4.8, 10 mM acetate
buffer), the fluorescence profile of sensor 25 is dominated
by emission from the pyrene eximer (e, = 490 nm) with
some contribution from the monomer (A, < 400 nm).85
Addition of one equiv of Hg(II) causes an ~69-fold reduction
in eximer fluorescence with little effect on monomer emis-
sion. Like the examples described above, it is proposed that
Hg(II) binding to the cyclam receptor induces a conforma-
tional change that disrupts intermolecular eximer formation.
Job plots reveal 1:1 binding stoichiometry. The fluorescence
turn-off behavior is Hg(II)-specific and the detection limit
of 25 is 1.3 uM, comparable to that of 24. More recently,
dipyrenyl cyclams 26 and 27 were described.®® In 30:70
MeOH/H,O (pH 4.9, 10 mM acetate buffer), the emission
spectrum of 26 is dominated by the pyrene monomer and
its fluorescence is quenched substantially following addition
of Hg(Il) or Cu(Il). Because the dissociation constant for
Hg(II) of 26, ~44 uM, is relatively high, cyclam 27, which
contains two amide groups, was prepared for enhanced
chelation. This modification lowers the K4 value for Hg(I)
to 145 nM. Like 26, the emission of 27 is predominantly
from the pyrene monomer and sensitive to water content.
The brightest fluorescence from 27 occurs in 1:1 MeCN/
H,O (pH 4.9, 10 mM acetate buffer). Addition of Cu(Il) or
Hg(Il) to 27 in this solvent mixture results in substantial
fluorescence quenching whereas addition of Ni(Il), Cd(II),
Zn(II) or Pb(I) affords significantly less fluorescence change.
The quantum efficiency values for the Hg(II) complexes of
26 and 27 were not reported, but they are essentially
nonfluorescent because the corresponding apo sensors have
low quantum yields of 0.049 (26, 30:70 MeOH/H,0) and
0.15 (27, 1:1 MeCN/H,0). These low values are attributed
to quenching of pyrene emission (® = 0.66 in cyclohexane)
by the cyclam nitrogen atoms. The fluorescence decrease
observed upon Hg(II) binding is insensitive to the presence
of 10 equiv of Ca(Il), Mg(II), Ni(II), Zn(II), Cd(II) or Pb(Il).
Interference by Cu(Il) occurs.
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Figure 5. Additional small molecules that afford turn-off Hg(II) detection in mixed aqueous/organic solvents.

Dianthryl cyclam 28 serves as a turn-off Hg(II) detector
in 1:1 MeCN/H,0 (10 mM acetate buffer, pH 5).%” The
emission spectrum of 28 is dominated by the anthracene
chromophore and addition of 100 equiv of Hg(II) causes
quenching with a 97% decrease in the 417 nm emission band.
Introduction of other metal ions, including Pb(II), Cu(II),
Zn(IT) or Cd(II), evokes less than 15% turn-off and has only
negligible effect on the Hg(Il)-induced response when the
metals are present in 10-fold excess over probe concentration.
Titrations of 28 with Hg(II) reveal 1:1 binding stoichiometry,
a dissociation constant for Hg(II) of 11.5 uM (1:1 MeCN/
H,0, 10 mM acetate buffer, pH 5), and a detection limit of
3.8 uM. Reduction of the water content in the MeCN/H,O
mixtures causes the mode of Hg(Il) detection for 28 to switch
from turn-off to turn-on. For instance, when only 10% water
is employed, 5.8-fold enhancement of the 417 nm emission
band occurs following addition of Hg(Il). This turn-on,
however, is not specific for Hg(II) because Cd(II) causes a
4.9-fold fluorescence enhancement in a 9:1 MeCN/H,O
mixture.

Two additional small molecule Hg(II) detectors that give
turn-off in aqueous/organic solvent mixtures are depicted in
Figure 5. The benzothiazole-derivatized §-aminoquinoline,
29, provides up to 98% fluorescence quenching following
addition of excess Hg(I) in 9:1 dioxane/H,O (A, = 340
nm, Aem = 580 nm).®® NMR spectroscopy, mass spectrom-
etry, and Job plots indicate 1:2 Hg(II):29 binding stoichi-
ometry. The turn-off effect is relatively Hg(Il)-specific. With

the exception of Cu(Il), which provides up to 41% fluores-
cence quenching, less than 5% fluorescence change occurs
following addition of Ca(II), Ni(I), Zn(II), Cd(II), or Pb(Il).
The detection limit of 29 for Hg(Il) is 30 uM.

Lastly, phosphane sulfide 30 was recently reported to give
fluorescence quenching following Hg(II) coordination at pH
4 in 80:20 MeCN/H,O (Figure 5).8 Based on electrochemi-
cal potentials, the fluorescence decrease is attributed to
electron transfer from the excited fluorophore to Hg(Il). Free
30 exhibits a large extinction coefficient in the UV region
of the electromagnetic spectrum (150,000 M~ 'ecm™' in
MeCN) and a quantum yield of 0.1 (80:20 MeCN/H,O, pH
4). The quantum efficiency of the reaction mixture following
addition of Hg(Il) and the magnitude of fluorescence
quenching were not reported. Mercury-binding titrations
monitored by absorption spectroscopy reveal formation of
1:2, 1:1, and 2:1 Hg(II):30 complexes. Linear coordination
of Hg(Il) to each sulfur atom is proposed for the 2:1 complex.
The sensor has a detection limit of 3.8 nM for Hg(II), which
is lower than the EPA mandate of 2 ppb (10 nM) for Hg(II)
in drinking water. Other cations, including Na(I), K(I), Ca(Il),
Mg(II), Cu(Il), Zn(I), Cd(I), Pb(Il), and Ag(I) provide no
fluorescence change and do not interfere with Hg(II)
coordination. The insensitivity of 30 to Cu(Il) is a significant
advantage over many probes described in this section.
Addition of 2,3-dimercapto-1-propanol to solutions of 30 and
Hg(Il) provides reversibility and causes the emission to return
to baseline levels. Given its brightness (® x ¢€), Hg(Il)
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Figure 6. Small-molecule turn-off detectors for Hg(Il) that operate in aqueous solution.

specificity, reversibility, and excellent detection limit, modi-
fication of 30 to make it water-soluble or further alteration
to switch its detection mode from turn-off to turn-on would
be worthwhile.

5.3. Turn-Off in Aqueous Solution

There are relatively few examples of Hg(Il)-responsive
probes that give fluorescence quenching in pure aqueous
solution. This fact may stem, in part, from the difficulties
associated with the low water solubility of many fluorophores
that are either commercially available or easily accessible
synthetically. These water-compatible turn-off Hg(Il) sensors
are shown in Figure 6.7°7%*

One early example of a Hg(II)-sensitive probe is the
anthracene-derivatized polyamine 31, which displays 18-fold
fluorescence turn-off following Hg(II) coordination in water
at pH 7.°° Loss of the 368 nm absorption band, characteristic
of anthracene, also occurs. This observation suggests that
an aromatic interaction between Hg(II) and the anthracene
unit causes fluorescence quenching rather than Hg(II)
coordination to the linking secondary amine nitrogen atom.
The dissociation constant of 31 for Hg(Il) is <1 uM at
neutral pH. Introduction of Cu(Il) to aqueous solutions of
31 causes 4-fold fluorescence turn-off. The affinity of 31
for Cu(Il) is relatively low, 56 uM. Other metal ions,
including Al(III), Cr(IlI), Mn(II), Ni(II), Zn(II), Cd(II), Pb(II),
various alkali and alkaline earth metals, and lanthanides do
not interfere with the Hg(Il)-induced response, even at | mM
concentrations.

More recently, a dithia-dioxa-monoaza crown binding unit
was linked to a phenoxazinone scaffold to provide turn-off
Hg(1I) detection in the visible region.”’ Compound 32 (Figure
6) exhibits a quantum yield of 0.08 in water, which decreases
to 0.04 following addition of Hg(Il). A blue-shift in the
wavelength of maximum emission from 634 to 615 nm also
occurs with Hg(I) coordination. Solution studies indicate
1:1 coordination, a dissociation constant for Hg(Il) of 0.83
uM, reversibility, and a lower detection limit of 100 nM.
This sensitivity is greater than that of many turn-off sensors
described above that use macrocycles and can be partly
attributed to the incorporation of a mixed donor atom chelate.
The fluorescence response of 32 is Hg(Il)-specific.

Dipyrrolylquinoxaline-bridged macrocycles 33 and 34
(Figure 6) exhibit fluorescence quenching upon Hg(II)
addition in aqueous solution buffered at pH 4.5 (200 mM
AcOH/NaOAc buffer).”>?* Both macrocycles have maximum
emission at ~506 nm (Aex = 332 nm) and coordination to
Hg(II) induce blue-shifts in the wavelengths of maximum
emission to ~460 nm with an ~5- (33) or ~8-fold (34)
decrease in emission intensity at 506 nm. It is proposed that
the fluorescence change upon Hg(Il) binding results from a

decrease of electron density on the fluorophore. Solution
studies reveal 1:1 binding stoichiometry of 33 for Hg(Il),
an apparent dissociation constant of 2.6 uM, and a linear
response up to 10 uM Hg(II). The turn-off response of 33 is
Hg(II)-specific. A background mixture of Ca(Il), Mn(II),
Co(II), Ni(II), Cu(Il), Zn(II), Cd(II), and Pb(II) has no effect
on the emission of 33 and does not interfere with the Hg(II)-
induced fluorescence response. Probe 34 has a similar
selectivity profile and a Hg(IT) K4 value of 2.9 uM. Because
of the fluorophore, the apo sensors have dim emission; for
instance, the quantum yield of 33 is only 0.006, which limits
their utility.

(E)-1-(4-(Dimethylamino)benzylidene)thiosemicarbazide
(DMABTS, 35, Figure 6) gives turn-off Hg(II) detection in
weakly acidic aqueous solution.”* Addition of one equiv of
Hg(I) to 35 causes a 99% reduction in emission intensity at
448 nm (Aex = 353 nm) at pH 5. The emission from 35 is
essentially stable over the pH range of 4.6 to 10 and it is
insensitive to most other metal ions except for Cu(Il), which
causes ~20% fluorescence quenching (10 equiv, pH 7). The
probe has a Ky value of 0.13 uM for Hg(II). When 6.3 uM
35 is employed, a linear response up to 5.77 uM Hg(II) and
a detection limit of 770 nM are observed at pH 5.

A supramolecular inclusion complex consisting of meso-
tetraphenylporphyrin (TPP) and an alkylated cyclodextrin
derivative has been employed for turn-off detection in
aqueous solution at pH 8.°° Addition of TPP to the
cyclodextrin results in enhancement of TPP emission (Aex =
424 nm, Aem = 608 and 653 nm). Rapid quenching of the
653 nm emission band occurs following Hg(II) addition and
is attributed to an increased TPP metalation rate in the
inclusion complex. The magnitude of quenching varieties
with metal ion as Hg(Il) > Zn(I) > Cd(II) > Ag(I) > Pb(ID).
Only negligible interference from K(I), Na(I), Ca(Il), Mg(II),
Ba(Il), Pb(Il), or Fe(Il) occurs. The presence of anions
(NO3—, NO,, S0, CH3CO, ) and a variety of organic
compounds also has little effect on the response of the
inclusion complex to Hg(II). The TPP/cyclodextrin detector
provides a linear response range from 50 nM — 20 uM of
Hg(II) and a detection limit of 2 nM. Natural water samples
spiked with Hg(II) were analyzed and good agreement
between the spiked concentration (80 nM — 10 uM) and the
value determined by the inclusion complex was found.

6. Intensity-Based “Turn-On” Small-Molecule
Fluorescent Hg(ll) Detectors

Designing fluorescent small-molecule sensors that provide
turn-on response following Hg(II) recognition is a consider-
able challenge and a current focus in the Hg(II) sensing
community. In the late 1990s and early 2000s, several turn-
on Hg(II) detectors were characterized in organic solvents.”®®”
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Figure 7. Redox-active detectors that give fluorescence enhancement following exposure to Hg(II) in MeCN.

Although more recent attention has addressed the need for
sensors that operate in “real world” situations, the aqueous
milieu in particular, many of the Hg(Il) reporting strategies
presented in early studies provide inspiration for current
work. In this section, we chronicle the advances in the
development and application of small-molecule Hg(II)-
responsive probes that display fluorescence enhancement.

6.1. Turn-On in Organic Solution

Several redox-active sensor molecules with anthracene”®

and naphthalene®’ reporting groups afford turn-on detection
of Hg(Il) in acetonitrile (Figure 7). These systems both
employ a redox-active thiadiazole/iminoylthiourea group.
Anthracene 36 has a low quantum yield of 0.0027 that
presumably results from PET quenching of the anthracene
excited state by the tertiary amine nitrogen atom.”® Addition
of Hg(Il) causes a 44-fold fluorescence increase with @y,
= 0.12. The response of 36 for Hg(II) exhibits good
selectivity. Slight fluorescence enhancement also occurs upon
addition of Cu(Il) (2-fold) and Pb(II) (7.7-fold). Although
the presence of 100-fold excess Pb(II) does not impede the
Hg(II)-induced response, Cu(Il) interference occurs. Com-
pound 36 has a detection limit of approximately 10 umol of
Hg(II). Reduction of 36, accomplished chemically by treat-
ment with zinc in glacial acetic acid, affords iminoylthiourea
37. This compound has a quantum yield of 0.039 and is a
chemdosimeter for Hg(II) with a slow response time.
Irreversible desulfurization of the iminoylthiourea group
occurs, generating compound 38. Approximately 5-fold
fluorescence enhancement is observed one hour after addition
of Hg(IT) to 37. The selectivity of 37 for Hg(Il) is relatively
low. Immediate fluorescence enhancement occurs following
addition of Zn(II) or Cd(II) to 37, which presumably results
from metal-ion coordination and alleviation of PET quench-
ing of anthracene emission.

The naphthalene-based system, comprising compounds
39-41, displays some contrasting behavior.’ In particular,
emission from thiadiazole 39 (A, = 405 nm, @ = 0.0019)
is essentially unaffected by Hg(Il). Like the anthracenyl
analog 37, iminoylthiourea derivative 40 (lem = 334 nm, @

= 0.0051) is a chemodosimeter. It gives a robust, if slow,
response to substoichiometric concentrations of Hg(Il) as a
result of an irreversible desulfurization reaction (Figure 7).
A red-shift and increase in naphthalene emission occur
immediately after Hg(II) addition. Following 48 h treatment
with 0.1 equiv of Hg(II), 34-fold fluorescence enhancement
oceurs (Aem = 368 nm, Pgee = 0.17). The dosimetric response
of 40 to Hg(Il) is sensitive to the Hg(Il) concentration and
is unstable in the presence of excess Hg(Il). In particular,
addition of 100 equiv of Hg(Il) causes immediate fluores-
cence enhancement followed by gradual fluorescence quench-
ing over 48 h.

Chemodosimeters consisting of 1,3-dithiole-2-thione moi-
eties linked to anthracene reporters were documented more
recently (Figure 8).”® Probes 42 and 43 have low quantum
yields of 0.01 in 20:1 THF/H,O. Addition of Hg(II) causes
a gradual 18-fold fluorescence enhancement over the course
of 30 min (7 = 40 °C), which results from the desulfurization
reactions depicted in Figure 8. The quantum yields for the
reaction products 44 and 45 are both 0.18. Analysis of the
reduction potentials for a series of model complexes indicates
that PET is more favorable for 42/43 than for the reaction
products 44/45. A detection limit of 50 nM for Hg(Il) was
obtained and the presence of other metal ions has negligible
effect on the Hg(Il)-induced fluorescence turn-on. Silver(I)
ion does not promote desulfurization in this system.

Other organic solvent compatible turn-on Hg(II) detectors
that utilize the anthracene chromophore are shown in Figure
9. Compound 46 exhibits 160-fold fluorescence enhancement
following Hg(IT) addition in MeCN.? Nevertheless, this
probe is more appropriately categorized as a turn-on Cu(II)
sensor because it gives 250-fold fluorescence turn-on fol-
lowing Cu(II) addition.

Sensor 47 (Figure 9) comprises two anthracene chro-
mophores linked to an azacrown ether-functionalized p-tert-
butylcalix[4]arene.100 The emission from 47 is dim because
the deprotonated amine groups effectively quench anthracene
emission. Addition of Hg(Il) alleviates PET quenching and
causes fluorescence enhancement, the magnitude of which
depends on the solvent composition (THF, 141-fold; 9:1
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Figure 9. Turn-on probes for Hg(II) employing anthracene
chromophores that operate in organic solution.

MeOH/THF, 87-fold). The selectivity of 47 for Hg(II) also
varies with the solvent composition. In 9:1 MeOH/THF,
Cu(Il) and Pb(II) give some fluorescence enhancement, 16.8-
and 9.9-fold, respectively, and essentially no fluorescence
change occurs with addition of Co(II), Ni(Il) and Zn(II). In
100% THF, Co(II) and Zn(II) give substantial fluorescence
enhancement. Probe 47 binds Hg(II) with 1:1 stoichiometry
and Hg(II) coordination is reversible by treatment with
EDTA. Its affinity for Hg(II) is low and solvent-dependent
(Kg = 556 uM in 9:1 MeOH/THF), and the detection limit
for Hg(Il) is 60 uM.

Macrocyclic chelates appended with nitrobenzoxadiazolyl
(NBO), naphthalimide, boron dipyrromethene (BODIPY),
and anthraquinone chromophores have also been employed
for turn-on Hg(Il) detection in organic solvents (Figure
10).92:101-103 Compound 48 (®Pjee = 0.034, Ay = 476 nm,
Aem = 539 nm) exhibits fluorescence enhancement following
Hg(II) addition in MeOH, but few other details regarding
its photophysical properties and Hg(I) selectivity are docu-
mented.”

The macrocyclic chelates in 49-51 contain multiple
thioether moieties, which help to provide selectivity and high
affinity for soft metal ions such as Hg(Il). Both sensors 49
and 50 exhibit fluorescence turn-on following Hg(II) coor-
dination in MeCN and share a similar design strategy of
decoupled donor and acceptor moieties.'"'%* Sensor 49
contains a naphthalimide acceptor linked to the 3-position
of a 1,3,5-trisubstituted Az—pyrazoline ring with an anilino
NS, crown donor in the 5-position (Figure 10).'°! In the
absence of Hg(Il), the emission spectrum of 49 is weak (®
= 0.007) and centered in the NIR region (Aem = 680 nm).

Coordination of Hg(II) reduces the donor strength of the
macrocycle and inhibits electron transfer quenching of the
fluorophore. A 13-nm blue-shift in the wavelength of
maximum emission and a 20-fold enhancement in quantum
yield following Hg(Il) addition occur. Sensor 49 also
responds to Ag(I) with a 15-fold enhancement in quantum
efficiency.

Sensor 50 consists of an anilino thiaazacrown donor and
a BODIPY acceptor (Figure 10).'> The BODIPY chro-
mophore itself provides bright emission, resulting from its
high extinction coefficient and large quantum yield, relative
to most other chromophores considered thus far. In the
absence of metal ion, 50 shows a very low quantum yield
of 1 x 10~* in MeCN (Aem = 509 nm). Addition of HgD)
causes a two-nm red-shift in the wavelength of maximum
emission and a dramatic 5900-fold enhancement in quantum
yield. Metal-binding titrations indicate 1:1 stoichiometry for
Hg(II) complexation. Because of the high affinity receptor,
the large dynamic range and bright reporting group, ppb
detection of Hg(Il) is possible. Fluorescence enhancement
also occurs following addition of Cu(II) (2500-fold) and
Ag(I) (2200-fold) to 50 in MeCN and these metal ions can
also be detected at ppb levels. Initial studies in mixed 1:3
MeCN/H,O indicate that 50 gives turn-on Hg(II) detection
in the presence of water, albeit with decreased dynamic range
(223-fold increase in quantum yield), and that Hg(Il) and
Ag(I) can be differentiated by lifetime measurements. This
system affords the largest fluorescence enhancement reported
to date that results from Hg(II) coordination.

Sensor 51 is based on the anthraquinone chromophore and
contains a sulfur-rich trithiacrown chelate (Figure 10).'%* The
quantum yield of 51 increases from 0.0016 (Aem = 481 nm)
to 0.006 (Aem = 522 nm) following addition of two equiv of
Hg(Il) in MeCN. The turn-on behavior is Hg(II)-specific.
The affinity of 51 for Hg(II) was not reported, and Hg(II)
binding titrations monitored by optical absorption spec-
troscopy reveal no isosbestic point. As a result, a model
where formation of a 1:2 Hg(II):51 sandwich complex occurs
at relatively low Hg(II) concentration, and a 1:1 Hg(II):51
complex at high Hg(I) concentration, was proposed.

Figure 11 displays several other fluorescent probes that
give turn-on detection for Hg(I) in organic solvents.
Spiropyran 52 has an ~20-fold fluorescence enhancement
following addition of one equiv of Hg(II) (dissolved in EtOH)
in benzene.'” Some turn-on is also observed following
addition of Zn(II) (~9-fold), Mg(I), and Cd(II) (3- to 4-fold).
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Figure 11. Other small molecules that provide fluorescence turn-
on with Hg(II) addition in organic solution.

A series of 2-mercaptobenzothiazole (MBT) benzoates,
53-56, provide varying degrees of fluorescence enhancement
following addition of Hg(II) in THF.'® The lone pair
electrons of the carbonyl oxygen atom presumably quench
emission from the nzt* state of the MBT moiety and Hg(II)
coordination disrupts this pathway. Nevertheless, these
probes show a greater response as a result of Zn(Il)
coordination and also give turn-on for Cd(II), Ag(Il) and
Pb(Il), which renders them poor Hg(Il) sensors.

6.2. Turn-On in Aqueous/Organic Solution

A number of turn-on Hg(II) detectors that operate in
aqueous/organic solvent mixtures have been reported.'**~""”
These probes, displayed in Figure 12, employ a variety of
chromophores, metal-binding ligands and detection strategies,
and some show promise for application in the environmental
and biological milieus.

Compound 57 is one of the first examples of a Hg(I)-
sensitive fluoroionophore that was characterized in a mixed
solvent system.'°® Emission from the two 8-hydroxyquinoline
groups is quenched in protic solvents because of excited-
state proton transfer reactions involving the protonated
hydroxyl moieties (Aem = 540 nm, & = 0.00005). A 12-
fold fluorescence enhancement occurs upon addition of one
equiv of Hg(Il) to 57 in 1:1 MeOH/H,0 at pH 7 (Aex = 423
nm, Aep= 476 nm) and the quantum yield increases 20-fold
to 0.001. Some fluorescence enhancement also occurs
following addition of Cd(II) (3-fold) and Zn(II) (3.4-fold),
but competition experiments confirm that the affinity of 57
is greater for Hg(Il) than for Zn(II) or Cd(II). Furthermore,
the presence of 100-fold excess alkali and alkaline earth
metals has no effect on the Hg(Il)-response of the probe.
Metal-binding titrations indicate formation of a 1:1 Hg(II):
57 complex. The nitro group is essential for turn-on Hg(II)

detection. Substitution of this moiety with chloride results
in turn-on detection for Mg(II).

Sensor 58 has two NBO chromophores linked to a
diazatetrathia crown ether chelate and provides maximum
emission at 541 nm (L = 470 nm).'"”” This sensor gives
>10-fold fluorescence enhancement in 90:10 MeCN/H,O
following addition of 100 equiv of Hg(II) and the emission
maximum undergoes a blue-shift to 529 nm. In this solvent
mixture, 58 has a K, value of 22 uM and a detection limit
of 4.8 uM for Hg(II), and the turn-on fluorescence response
is specific for Hg(II). The emission and Hg(II)-induced
response of 58 are sensitive to water. Increasing the water
content results in a decrease in emission intensity for both
the apo and Hg(II)-bound forms.

Sensor 59 employs the NBO chromophore, which affords
visible excitation and emission (Aex = 492 nm, Ay = 536
nm), and a 3,6,12,15-tetrathia-9-azaheptadecane ligand,
which provides a thioether-rich metal-binding unit that is
well-suited for the coordination of soft metal ions (Figure
12).'%® An 18-nm blue-shift in the wavelength of maximum
emission and an approximately 8-fold fluorescence enhance-
ment occur upon addition of excess Hg(Il) to 59 (dioxane/
water mixtures). A linear fluorescence response to Hg(I) is
obtained up to 15 uM (10 uM probe). Addition of Mn(II),
Co(I), Ni(II), Cu(Il), Zn(Il), CdI), Pb(II), and TI(I) has
no effect on the emission spectrum of 59. This probe binds
Ag(I) readily and with higher affinity than Hg(II), but Ag(I)
coordination elicits only negligible fluorescence enhance-
ment. "H NMR studies indicate that Hg(II) binding decreases
the st electron density on the nitrobenzoxadiazolyl chromophore,
which presumably causes the fluorescence enhancement.

A Hg(II)-selective sensor based on the 4-aminonaphthal-
imide chromophore that operates in 9:1 H,O/EtOH was
described.'” Sensor 60 contains a 2,6-bis(aminomethyl)py-
ridine-based receptor, two naphthalimide chromophores, two
semirigid piperazine groups for PET quenching of the
fluorophores, and two 2-(2-hydroxyethoxy)ethyl groups to
enhance water solubility (Figure 12). The fluorescence of
60 is pH-dependent with a pK, of ~5.2 and with minimum
and stable fluorescence at pH > 6.5, which makes the sensor
suitable for applications at neutral pH. Compound 60 exhibits
visible emission (Aex = 548 nm) and a low quantum yield
of 0.007. Addition of Hg(II) causes 17.4-fold fluorescence
enhancement (®y, = 0.12) with a concomitant eight-nm red-
shift in the wavelength of maximum emission. One equiva-
lent of Hg(Il) is sufficient to afford the maximum fluores-
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Figure 12. Fluorescent probes that give turn-on detection of Hg(Il) in m1xed aqueous/organic solvents.

cence change and a dissociation constant of ~6 uM was
reported. When 1 uM probe is employed, 2 ppb of Hg(Il)
can be detected. Addition of other metal ions, including
Zn(1I), Cd(I), Pb(Il), and Ag(I), causes slight fluorescence
enhancements (<2.8-fold); however, these species, in addi-
tion to Fe(IIl), Co(II), Ni(II), Cu(Il), Cr(III), and various
alkali and alkaline earth metals, do not interfere with the
Hg(II)-induced response. The origins of this selectivity are
unclear. A derivative of this compound, 61, has been applied
to cultured human kidney proximal tubular epithelial cells
for fluorescence monitoring of exogenous Hg(II) uptake and
accumulation.''® Although this preliminary work illustrates
cell permeability and points to a role for 60 and 61 in
practical applications, no chemical characterization of 61 was
documented and control experiments were not provided to
ensure the change in fluorescence signal resulted form Hg(II)
binding and not photoactivation or some other competing
phenomenon.

In more recent work, the nitrobenzoxadiazolyl chro-
mophore was linked to a pyrene-appended cyclam for turn-
on Hg(II) sensing in 90:10 MeCN/H,O (acetate buffer, pH
4.8) (Figure 12)."" Sensor 62 exhibits emission maxima
centered at 385 and 538 nm attributed to pyrene and
nitrobenzoxadiazolyl, respectively (Aex = 340 nm). Addition
of Hg(Il) to 62 causes an ~10-fold enhancement of the
nitrobenzoxadiazolyl band with only negligible change in
emission intensity of the pyrene monomer. The insensitivity
of the pyrene band provides an internal calibration for
determining the concentration of Hg(II). Although not
described as such, 62 therefore provides single-excitation
dual-emission ratiometric detection of Hg(II) by a compari-
son of intensity ratios at 385 and 538 nm before and after
Hg(II) addition and can also be classified as a ratiometric
sensor. Solutions of 62 change from orange to yellow with
Hg(Il) addition, which allows for detection by UV-vis
spectroscopy. Probe 62 has a dissociation constant of 40 uM
for Hg(Il) and a detection limit of 7.9 uM. The sensor is
reversible by addition of EDTA and its Hg(II) response is
insensitive to millimolar concentrations of Na(I), K(I),
Mg(II), and Ca(Il). Addition of Cu(Il) causes fluorescence
quenching and 62 binds Cu(Il) with greater affinity than
Hg(I) (Kq = 0.12 uM).

400 450 500 550 600
Alnm

400 450 500 550 600 650
Al nm

Figure 13. Fluorescence response of 63 to Hg(Il). (a) Emission
spectra corresponding to a titration of 63 with Hg(ClOy), in 7:3
MeCN/H,O0. (b) Emission response of 63 to Hg(Il) in 7:3 MeCN/
H,O (blue line) and in pure MeCN (green line). The inset illustrates
the fluorescence change of 63 upon addition of one equiv of Hg(II)
in 7:3 MeCN/H,0 (leftmost cuvettes) or in pure MeCN (rightmost
cuvettes). Reprinted with permission from ref 112. Copyright 2005
American Chemical Society.

The pyrene reporting group was also employed in the
design of 63, a fluorescent Hg(II) sensor that incorporates
an unsymmetrical 1,4-disubstituted azine (Figure 12).''? In
7:3 MeCN/H;0, 63 has a quantum yield of 0.005 and 11-
fold enhancement of the pyrene eximer emission band
centered at 450 nm occurs upon addition of one equiv of
Hg(II) (Aex = 350 nm). Coordination of Hg(II) presumably
interferes with quenching of pyrene emission by the azine
nitrogen atom lone pair electrons. The emission of 63 is
insensitive to Ni(II), Na(I), K(I), Mg(I), Ca(Il), NidIl),
Cu(II), Zn(I), Cd{I), and several lanthanide ions. Hg(II)-
binding titrations monitored by fluorescence spectroscopy
reveal a dissociation constant of 610 nM in MeCN and 1.1
uM in 7:3 MeCN/H,;0. The fluorescence properties of the
Hg(II) complex depend on solvent composition. For instance,
upon changing the solvent from mixed MeCN/H,O to MeCN,
the wavelength of maximum emission of the Hg(IT) complex
undergoes a dramatic red-shift from ~450 to ~510 nm
(Figure 13). The sensor also provides colorimetric Hg(II)
detection because solutions of 63 change from light-yellow
to deep-orange following Hg(II) addition.

Several examples of Hg(II) detectors operating in aqueous/
organic solvent mixtures that rely on chemical reactions have
been reported (Figures 14 and 15)."'*!15 These probes utilize
Hg(II)-promoted cyclization and, as described above in
Section 6.1, desulfurization reactions.

Irreversible and Hg(Il)-promoted desulfurization and cy-
clization was employed in the design of thiocarbazone 64
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Figure 15. A rhodamine-based probe for Hg(Il) that provides turn-on detection resultmg from Hg(II)-induced opening of the spirolactam
ring. Product 69 coordinates Hg(II) in a bidentate fashion and with 2:1 69:Hg(II) stoichiometry.

(Figure 14)."'* Emission from 64 is weak with ® < 0.001
(Aem = 530 nm) in 90:10 H,O/MeOH at pH 7 (Aex = 380
nm). Addition of one equiv of Hg(II) to 64 causes formation
of the emissive triazanaphthalene 65. Approximately 100-
fold fluorescence enhancement occurs at 635 nm (® ~ 0.022)
following introduction of Hg(Il) to solutions of 64. The
selectivity of this system for Hg(II) is high. Addition of five
equiv of Zn(Il) or Cd(Il) to 64 causes slight fluorescence
enhancement and five equiv of Cu(Il) induces some fluo-
rescence quenching, but the presence of these cations does
not significantly affect the Hg(Il)-induced fluorescence
response. Reaction of 64 with HgCl, and subsequent X-ray
crystallographic analysis of the product indicated that 65
forms a 1:1 complex with Hg(II). The Hg(II) center is five-
coordinate with pyridyl, imine, and pyridazine nitrogen donor
atoms and two chloride ions providing a distorted trigonal
bipyramidal geometry. The Hg(II) complex has greater
fluorescence relative to metal-free 65, at least in DMSO.
Dosimeter 66 operates in 30:70 MeCN/H,0O and relies on
the irreversible conversion of the diethylthioamide to di-
ethylamide 67 for turn-on Hg(II) detection (Figure 14).114
Emission from 66 is centered at ~470 nm and weak,
presumably because of intramolecular quenching of the
hydroxyquinoline fluorophore by the thioamide. Product 67
exhibits maximum emission at 479 nm and has a quantum
yield of 0.38 (30:70 MeCN/H,O, pH 8.1). Addition of one
equiv of Hg(Il) to 66 causes 167-fold fluorescence enhance-
ment. The performance of dosimeter 66 is sensitive to the
solvent media. Although fluorescence enhancement occurs
following addition of Hg(II) to 66 in pure water, the response
is slow and 24 h are required to achieve a stable signal
compared to approximately five min in 30:70 MeCN/H,O.
The dosimeter is essentially selective for Hg(I). Addition
of Cd(II) to 66 results in some fluorescence enhancement,
but the response is slow with one hour required for a 2.2-

fold increase and one day for complete enhancement (20-
fold). Furthermore, 66 responds to Hg(I) in the presence of
Cd(I), although the turn-on is decreased by about 10%. Its
detection limit for Hg(I) is estimated to be 540 nM.

Figure 15 depicts a recent Hg(II) detector that provides
fluorescence enhancement in 1:1 DMF/H,O following a
chemical reaction.'’ Probe 68 integrates a carbohydrazone
group into the rhodamine 6G chromophore and exists in the
nonfluorescent spirolactam form. It employs a strategy
previously described for fluorescent Pb(Il) detection where
metal-ion coordination causes ring-opening of the spirolactam
and fluorescence turn-on.''® Addition of Hg(II) to 68 affords
>8-fold fluorescence enhancement centered at 560 nm (Aex
= 500 nm, ® = 0.42). Ring-opened 69 coordinates Hg(II).
Job plots and metal-binding titrations indicate formation of
a2:1 69:Hg(Il) complex with an overall K, of approximately
2.4 x 10° M2 X-ray crystallographic structural analysis
of the product reveals that the Hg(Il) is coordinated by two
pyridylimine units in a bidentate fashion. The selectivity of
68 for Hg(II) is high because alkali and alkaline earth metals,
first-row transition metal ions, Ag(I), and Cd(II) do not
interfere with the Hg(Il)-induced response of 68 and cause
no or negligible (Zn(II), Ag(I)) fluorescence change. The
sensitivity of 68 for Hg(Il) is in the ppb range when 5 uM
probe is employed. Although reversibility experiments were
not reported, it is likely that 68 can detect Hg(II) reversibly
based on related studies (vide infra).

A regenerative squaraine-based dosimeter for Hg(Il) that
operates in 1:4 MeCN/H,O (0.01 M CHES buffer, pH 9.6)
has been reported (Figure 33)."'” Although we choose to
highlight this Hg(IT) probe in the Section 8 (colorimetric),
we note here that <2 ppb Hg(Il) can be detected by
fluorescence with 100 nM probe.
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6.3. Turn-On in Aqueous Solution

A recent goal in fluorescent Hg(Il) sensor design is to
synthesize probes that operate in aqueous solution, which
will be of benefit for many practical applications. Since
fluorescence turn-on is a preferable signal to turn-off,
significant efforts have been made to design small molecule
Hg(II) sensors that give turn-on in water, and major progress
has been made in recent years. This objective requires the
use of water-compatible chromophores and/or other solubi-
lizing groups and, for practical applications, receptors with
high Hg(II) selectivity. Several systems that operate in
aqueous solution have been employed in applications that
include quantifying Hg(II) content in digested fish samples
and fluorescence imaging of exogenous Hg(II) uptake into
neurons and zebra fish. Such advancements may ultimately
have significant impacts on studies in environmental science
and toxicology.

To the best of our knowledge, the first example of a water-
compatible turn-on Hg(II) sensor was reported in 1992 by
Czarnik.'"® Chemodosimeter 70 contains a thioamide group,
which inhibits emission from the anthracene chromophore
and affords a 56-fold reduction in fluorescence relative to
71 at 413.5 nm (Figure 16). Addition of Hg(Il) to 70
promotes desulfurization and formation of anthrylamide 71,
which has a low affinity for Hg(II). This reaction results in
a 55-fold fluorescence enhancement (10 mM HEPES, pH
7). Dosimeter 70 has a linear response to Hg(Il) up to
addition of one equiv of the ion and then exhibits saturation
behavior. The desulfurization reaction is 87% complete after
10 min at room temperature, when one equiv of Hg(Il) is
employed, and irreversible. As exemplified by discussions
throughout the present review, this sensing strategy has
provided a design framework for many Hg(Il) sensors that
rely on chemical reactions.

In another approach that uses a chemical reaction, mercury-
induced spiro-ring opening of rhodamine derivatives was
employed for turn-on detection in water containing 1% 1,4-
dioxane (pH 3.4).""” Rhodamine 72 is essentially nonfluo-
rescent and shows no absorption in the visible region because
of the spirolactam (Figure 16). Addition of Hg(II) causes
>7-fold fluorescence enhancement (Aex = 530 nm, Adeyy, =
582 nm) and an increase in absorption intensity at 561 nm
(e = 125,000 M~ 'em™"). Titrations indicate formation of a
1:2 Hg(I):72 complex and a detection limit of 50 nM.
Addition of KI results in decomposition of the Hg(II)
complex and a concomitant decrease in fluorescence emis-
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Figure 17. Sugar-appended quinoline for turn-on Hg(II) detection
in water. The * indicates the glucosamine hydroxyl group involved
in Hg(II) binding.

sion. Introduction of additional Hg(IT) restores the fluores-
cence turn-on, indicating that the sensor can be recycled.
Characterization of 72 at physiological pH would provide
insight into its potential for use in biological contexts.

Difficulties with water-compatibility sometimes can be
overcome by incorporating solubilizing groups into a sensor
platform. For instance, sugars can enhance the solubility of
a relatively nonpolar compound in aqueous media. Sensor
74 is a Schiff base comprising b-glucosamine appended to
a quinoline reporting group (Figure 17).'?° The free ligand
exhibits weak emission (Aex = 315 nm, Ae, = 480 nm) in
aqueous solution and a quantum yield of 0.005. Addition of
excess Hg(Il) to solutions of 74 results in a 65-nm blue-
shift of the emission band (Aem, = 415 nm) and ~10-fold
fluorescence enhancement. The dramatic blue-shift is at-
tributed to PCT from the hydroxyl group to the quinoline
moiety, and the fluorescence enhancement to alleviation of
PET. Glucosamine 74 shows maximum emission in the
presence of ~20 equiv of Hg(Il), forms a 1:1 complex with
Hg(II), and has an apparent K4 value of 14 uM. Figure 17
depicts 75, the proposed structure of the Hg(Il) complex
based on MS and NMR studies. This sensor shows excellent
selectivity for Hg(II) over other cations. Excess Li(I), Na(l),
Kd), Mg(I), Cadl), Ba(Il), Pb(II), Ag), Cu(Il), Zn(Il),
Ni(II), Mn(II), Co(II), Cd{I), and Fe(II) do not interfere
significantly with the Hg(II) response. The selectivity of 74
for Hg(II) over Cu(Il) is an advantage over many Hg(II)
sensors. The probe is pH-sensitive and operates in the range
of 5to 7.5.

Sensor 76 contains a polyarylpyridine fluorophore
appended with phenylthiourea-capped methionine moieties
that is linked to an Argogel™ resin (Figure 18).'%' Its
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Figure 19. Turn-on Hg(Il) sensors with polyamide receptors that operate in aqueous solution.

ability to detect Hg(II) was found during a screening of a
combinatorial library designed for producing metal-ion
sensors (pH 7.5, MOPS buffer). Substitution of the methion-
ine with glycine or histidine also affords turn-on Hg(II)
detection. A solution phase analog, 77, was also prepared.
It binds Hg(IT) with 1:1 stoichiometry and gives fluorescence
enhancement following addition of Hg(I) in MeCN, but
lacks solubility in aqueous media. This observation points
to an important role of the resin in providing water
compatibility. This perhaps serendipitous observation pro-
vides a clue for making other systems compatible with
aqueous milieu.

A trio of sensors with polyamide receptors that give turn-
on Hg(Il) detection in aqueous solution have been reported
(Figure 19).122123 Sensors RS1, 78, and RS2, 79, contain
the naphthalimide reporting group and exhibit weak fluo-
rescence in the visible range at pH 7.5 (10 mM phosphate
buffer) attributed to PET quenchmg of the chromophore by
the o-phenylenediamine moieties.” =~ Apo RS1 has a quantum
yield of 0.032 (Aem = 545 nm) and apo RS2 a quantum yield
of 0.007 (Aem = 537 nm). Addition of one equiv of Hg(II)
to RS1 and RS2 causes 5.8- and 34.7-fold fluorescence
enhancement, respectively, and the quantum yields for the
Hg(Il) complexes are 0.19 and 0.24. Metal-binding titrations
and Job plots indicate formation of 1:1 RS:Hg(II) complexes.
Both sensors bind Hg(II) with similar affinity (Kq = 50 nM,
RS1; 79 nM, RS2). The fluorescence enhancement is
selective for Hg(Il), reversible by TPEN addition, and
uninhibited by the presence of divalent first-row transition

metals, various alkali and alkaline earth metals, AI(IIT), Ag(I),
Pb(I), and Cd(II). In subsequent work, polyamide receptors
were linked to the BODIPY chromophore, which offers
superior photophysical properties relative to the naphthal-
imide dye employed in the design of RS1 and RS2 (Figure
19).123 Sensor S3, 80, provides 50-fold fluorescence en-
hancement (Aex = 527, Aen = 541) immediately following
Hg(I) addition (0.1 M phosphate buffer, pH 7.5) and the
quantum yield increases from 0.012 to 0.61. Job plots
indicate 1:2 80:Hg(Il) binding stoichiometry. A dinuclear
complex with a bridging water molecule is proposed where
each Hg(II) ion is also coordinated by three nitrogen atoms
of one diamide arm. The Hg(Il)-induced fluorescence
response is observable in the presence of two ppb Hg(Il).
Because of its brightness, Hg(Il) selectivity and sensitivity,
this probe has high potential for use in application-based
contexts.

Fluoresceins and related xanthenone-based fluorophores
are widely used in aqueous and biological contexts. Like
the BODIPY and rhodamine fluorophores, fluorescein
itself has a number of advantageous features for sensing
purposes: water solubility, visible excitation and emission,
maximum brightness at pH > 7, and a high extinction
coefficient and quantum yield. One drawback of fluorescein-
based systems is that multistep syntheses are often required
for functionalization,'?*"!?° although an elegant shortcut
was recently described for “bottom” ring substituted probes
where the chelate is attached to the phenyl or benzoate
moiety.'?’
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of Hg(Il) in aqueous solution at neutral pH.

Sensor MS1, 81, was the first example of a fluorescein-
based probe that responds selectively to Hg(Il) (Figure
20).'%® Its design was based on several turn-on Zn(II) sensors
prepared in our laboratory.'?*'*> We anticipated that sub-
stitution of pyridyl groups, commonly employed in the design
of high-affinity Zn(II) sensors, with soft sulfur donors would
afford Hg(Il) selectivity and turn-on Hg(II) detection. We
therefore appended an aniline-based thioether-rich chelate
to the “top” xanthenone moiety of an asymmetrical fluores-
cein platform. MS1 provides ~5-fold fluorescence enhance-
ment immediately following addition of one equiv of Hg(Il)
at pH 7 (50 mM PIPES, 100 mM KCI). The apo sensor has
a quantum yield of 0.04 attributed to PET quenching of
fluorescein emission by the aniline moiety. Coordination of
MS1 to Hg(II) results in enhancements of both quantum yield
((DHF = 0.11) and extinction coefficient (apo, €505 = 61,300
M fem ™% holo, €5 = 73,200 M 'em™ ). As anticipated
given the N,S,O chelate, MS1 binds Hg(Il) with 1:1
stoichiometry and high affinity, exhibiting an ECs value of
410 nM (1 uM MS1). X-ray crystallographic characterization
of a salicylaldehyde-based model complex confirms N,S,0
coordination to the Hg(II) center. Addition of the heavy metal
ion chelator TPEN or Kl(aq) reverses the Hg(Il)-induced
fluorescence enhancement. When TPEN is employed, MS1
can be reversibly recycled by sequential addition of Hg(II)
and TPEN at least six times. The fluorescence response of
MSI1 to Hg(Il) is selective over alkali and alkaline earth
metals, Mn(II), Co(II), Fe(II), Ni(II), Cr(III), Pb(II), and the
Group 12 congeners Zn(II) and Cd(II). Cuprous and cupric
ion both interfere with the Hg(Il)-induced response of MS1.
The affinity of MS1, and other thioether-rich detectors, for
Cu(II) is not a surprise given previous thermodynamic and
kinetics studies of similar chelates.'* Like most PET-based
sensors and fluorescein itself, the emission of MSI1 is
sensitive to pH. Protonation of the aniline moiety causes a
slight ~2-fold fluorescence change with a fluorescent-
dependent pK, value of 7.1. Fluorescence quenching occurs
in acidic solution because of protonation of the fluorescein
moiety (pK, = 4.8). The response of MS1 to Hg(II) shows
chloride-ion dependence; the presence of chloride ion has
no effect on the emission of the free sensor but provides an
enhanced fluorescence response (~5-fold) to Hg(Il) relative
to its absence (~1.5-fold). We speculate that formation of a
Hg—Cl1 bond or ion pair accounts for this behavior, but

further studies are required to verify either claim. MS1 can
detect two ppb Hg(Il) in buffered aqueous solution.
Additional “top ring” substituted fluoresceins that give
fluorescence enhancement following Hg(Il) addition are
MS2, 82, and MS3, 83 (Figure 20)."°% These sensors have a
tertiary amine-based ligand containing pyridyl and thiol
moieties. Because tertiary amines generally quench fluores-
cein less efficiently than aniline-based ligands, MS2 and MS3
are inherently brighter in both the apo and Hg(II)-bound
forms than MS1. At neutral pH, MS2 (®ge. = 0.28; €500 =
62,000 M~ 'em™") and MS3 (®pe = 0.27; €501 = 51,000
Mflcmfl) provide modest ~1.5- (MS2, @y, = 0.27, €505
= 69,000 M~ 'ecm™") and ~2-fold (MS3, @y, = 0.28, €507
=59,000 M~ 'cm ') and selective turn-on detection of Hg(II)
(50 mM PIPES, 100 mM KCI, pH 7). In both cases, the
fluorescence enhancement results from brightness (® x ¢)
enhancement because the extinction coefficients increase, not
because of Hg(Il)-induced alleviation of PET. The pH
dependence of MS2/MS3 emission indicates that the tertiary
amine nitrogen atom pK, value is ~8 for both sensors and
suggests that proton-induced background fluorescence com-
promises the MS2/MS3 response to Hg(I) at neutral pH. In
accord with this notion, raising the pH to 9 affords a @y
value of 0.10 for MS2 and ~5-fold fluorescence enhancement
(P, = 0.28). Both sensors bind Hg(II) reversibly and with
1:1 stoichiometry. ECsy values of 384 nM (MS2) and 1.6
UM (MS3) are obtained with 1 M probe. Like MS1, these
sensors display chloride-ion dependence with greater fluo-
rescence enhancement observed in the presence of chloride.
Mass spectrometric analyses of solutions containing equimo-
lar MS2 and Hg(II) with and without chloride ion indicate
that the MS2:Hg(Il) complex readily associates with one or
more chloride ions in solution. The selectivity of MS2 and
MS3 parallels that of MS1 except that Ni(II), in addition to
Cu(Il), compromises the Hg(II)-induced fluorescence turn-
on. This observation points to the importance of maintaining
sulfur-rich chelates for preferentially binding Hg(II) over
borderline divalent first-row transition metal ions.
Installation of a metal-binding unit on the “bottom” ring
of fluorescein or a fluorescein derivative offers another route
to assembling water-soluble Hg(Il) sensors. Such bottom-
ring substitution is commonly found in the Ca(Il) and Zn(II)
sensor literature."*''**> Generally, bottom-ring substituted
xanthenones exhibit lower quantum yields in the metal-free
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Figure 21. Rhodamine-based chemodosimeter for Hg(Il) that operates in aqueous solution and has been applied to detect exogenous

Hg(Il) in a variety of cell types and in zebrafish.

forms and greater dynamic range than similar species where
the ligand is installed in the 4' and/or 5' positions of the
xanthenone platform. This design strategy has afforded water-
compatible Hg(II) sensors with the greatest dynamic range
to date.'?”-13*

Sensor MF1 (84, Figure 20) contains a thioether-rich NS,
macrocycle linked to a fluoran, 6-hydroxy-9-phenyl-3H-
xanthen-3-one, reporter.134 The apo sensor exhibits P <
0.001 (Aem = 514 nm) at pH 7 and Hg(Il) coordination
affords >170-fold fluorescence enhancement with @y, =
0.16 (Aem = 517 nm). MF1 binds Hg(II) with 1:1 stoichi-
ometry, an ECsy value of 700 nM (1 uM probe), and has a
detection limit of 60 nM for Hg(Il). The known preference
of the thioether-rich macrocycle for Hg(II) over Cu(Il)
overcomes the Cu(Il)-interference observed for many Hg(II)
sensors. Alkali and alkaline earth metals, other divalent first-
row transition metal ions, and the Group 12 congeners do
not interfere with the Hg(Il)-induced fluorescence turn-on.
MF1 was employed to detect Hg(Il) extracted from digested
fish samples. A strong linear correlation between MF1
fluorescence and Hg(I) concentration determined by atomic
absorption (AA) spectroscopy was obtained, which points
to its utility for quantifying bioaccumulated mercury in fish
tissue.

In subsequent work, a carbamodithioate metal-binding
unit was installed on the phenyl moieties of fluoran
reporters (Figure 20).127 Sensors FS1, 85, and FS2, 86, give
~90-fold fluorescence enhancement immediately following
Hg(Il) addition. The quantum yields of the free probes are
<0.005 and increase to 0.29 (FS1) and 0.35 (FS2) with
Hg(I) coordination (pH 7.2, 50 mM KCl). FS1 and FS2
bind Hg(II) reversibly and with 1:1 stoichiometry, show
maximum fluorescence in the presence of one equiv of
Hg(II), and have detection limits for Hg(II) of 20 £ 5
nM. Like MFI1, these sensors also show Hg(Il)-selective
fluorescence enhancement. Slight (~3-fold) fluorescence
enhancement occurs for Cd(IT). To determine whether FS1
and FS2 can perform in the environmental milieu, water
samples from several sources with known Hg(II) content,
determined by AA spectroscopy, were collected, concen-
trated 100-fold and analyzed for Hg(II). Modest correlation
was observed between the AA results and fluorescence
data from FS1/FS2.

Lastly, we describe a rhodamine-based chemodosimeter
for Hg(II) that has been employed for monitoring Hg(II)
in several biological contexts (Figure 21)."*>'3® Dosimeter
87 takes advantage of the known Hg(Il)-promoted forma-
tion of 1,3,4-oxadiazoles from thiosemicarbazoles. Be-
cause of the spirolactam ring, rhodamine 87 is essentially
nonfluorescent (A, = 551 nm). Addition of one equiv of
Hg(I) to 87 causes formation of oxadiazole 88 (r < 1
min.) An ~30-fold fluorescence enhancement occurs and

the solution changes from colorless to bright pink as a
result of Hg(Il) addition (pH 7.4). Product 88 exhibits
maximum emission at 557 nm, has a quantum yield of
0.52 and a high extinction coefficient (46,700 M~ 'cm™").
Parts-per-billion levels of Hg(II) can be monitored. The
cyclization reaction depicted in Figure 21 is selective for
Hg(II). Of seventeen other metal ions screened, only Zn(II)
and Ag(I) give slight fluorescence enhancement and eight
hours are required to generate the full response of 87 to
Ag(I). This sensor is cell permeable and Hg(II)-responsive
in vivo (Figure 22). It was utilized to monitor exogenous
Hg(II) uptake in C2C12 cells and in zebrafish in real time,
and to image accumulated Hg(II) in zebra fish organs. This
series of imaging experiments suggests that 87 will be a
versatile Hg(IT) imaging tool. The only obvious drawback

(d)

Figure 22. Fluorescence response of 87 (50 uM) to exogenous
Hg(I) (50 uM) in a variety of cell types and zebrafish. The samples
were treated with 87 for 20 min, washed with PBS, and then treated
with HgCl, for 10 min. (a) C2C12 cells treated with 87 only. (b)
Left: C2C12 cells following treatment with 87 and Hg(II). Right:
Human muscle precursor cells treated with 87 and Hg(Il). (c)
Neurons from rat treated with 87 and Hg(Il). (d) Zebrafish treated
with 87. (e) Zebrafish treated with both 87 and Hg(II). Reprinted
with permission from ref 136. Copyright 2006 American Chemical
Society.
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Figure 23. Ratiometric Hg(Il) detectors that operate in mixed aqueous/organic solvents.

to this Hg(II) detector is that the Hg(II)-induced fluores-
cence increase is not reversible.

7. Ratiometric Small-Molecule Fluorescent Hg(ll)
Detectors

The majority of fluorescent Hg(II) probes described to date
are intensity based, relying on fluorescence turn-off or turn-
on following Hg(Il) recognition. Ratiometric fluorescence
monitoring, which involves a comparison of fluorescence
intensities at two different wavelengths before and after
analyte recognition, is an alternative approach. As illustrated
by Ca(Il) sensors such as Fura-2, ratiometric probes offer
advantages in biological contexts because they facilitate
analyte quantification, especially in inhomogeneous
samples.”® Although only a few examples of ratiometric
Hg(II) detectors have been documented,'”~'* this technique
is gaining attention in the mercury sensing community and
provides an opportunity for further advances.

7.1. Ratiometric in Mixed Aqueous/Organic
Solution

A ratiometric chemodosimeter for Hg(II) that operates in
MeCN/H,O solvent mixtures was achieved by taking ad-
vantage of the known Hg(Il)-induced transformation of
thiourea moieties into guanidine derivatives (Figure 23)."*’
Benzoyl thiourea 89 (Aem, = 530 nm, ® = 0.35) reacts with
one equiv of Hg(Il) to afford imidazoline 90 (Aem = 475
nm, & = 0.48). As a result, emission from the solution
changes from yellow-green to blue with an emission decrease
and increase at 530 and 475 nm, respectively, and an
isoemissive point at 510 nm (80:20 MeCN/H,0). This
behavior is attributed to changes in electronic delocalization
on the chromophore. The thiourea receptor in 89 has little
influence on the emission from the naphthalimide chro-
mophore because of the ethylene spacer. Formation of the
imidazoline results in loss of the spacer unit and a decrease
in the electron-donating ability of the receptor portion. The
selectivity of the dosimeter for Hg(Il) is high. Some
fluorescence enhancement occurs following addition of Ag(I),
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but the reaction takes 20 h to reach completion compared to
one hour for Hg(Il). Other cations have no effect on its
emission. Ratiometric behavior is also observed in the optical
absorption spectra with an absorption increase at 350 nm, a
decrease at 435 nm, and an isobestic point at ~391 nm.

Although described as a turn-on sensor, pyrene-thymine
dyad 91 provides single-excitation dual-emission ratiometric
detection of Hg(IT) at pH 7 (20:1 H,O/MeCN) (Figure 23)."®
In the absence of Hg(Il), 91 displays emission from the
pyrene monomer at ~375 and ~394 nm and weak eximer
emission at 470 nm. Addition of Hg(Il) causes an ~10-fold
increase in the intensity of the eximer emission band and a
relatively small decrease in pyrene monomer emission. A
comparison of the ly70/I304 ratios before and after Hg(Il)
addition provides an ~19-fold ratiometric change. The
response of 91 to Hg(Il) is pH-dependent and optimal in the
pH 6-8 range. The turn-on of 91 is selective for Hg(II) and
occurs in the presence of mixtures that include Mn(II), Fe(II),
Co(II), Ni(II), Cu(II), Zn(II), Pb(II), and various alkali and
alkaline earth metal ions. Sensor 91 has a detection limit of
100 nM for Hg(ID).

The pyrene chromophore was also employed in the design
of dioxaoctanediamide-based sensor 92, which provides
single-excitation dual-emission ratiometric Hg(II) detection
in 1:1 MeOH/H,O (10 mM HEPES, pH 7) (Figure 23)."%°
Emission from the pyrene eximer at 489 nm dominates the
fluorescence spectrum of the free probe and its ratio of
eximer/monomer emission, Asgo/Asg3, is 24.9. Addition of
Hg(Il) causes almost complete quenching of the eximer
emission band (Iyy/Ie. = 0.03) and significantly less quench-
il’lg of the monomer band (IHg/Iﬁ-ee = 0.77) and the AugolAsg3
ratio is 0.98. Comparison of the A4s0/4353 ratio before and
after Hg(II) addition provides an ~25-fold ratiometric change
with Hg(I) addition. The ratiometric response of 92 for
Hg(I) is highly selective. Addition of 100 equiv of Na(I),
K(I), Ca(II), Mg(1l), Ni(Il), Zn(II), Pb(I), or Cd(Il) causes
only negligible effects in the emission spectrum of 92. Some
fluorescence quenching occurs following introduction of
Cu(ll) to solutions of 92, but the intensity changes are
relatively small and of similar magnitude (489 nm, Icy/Iee
= 0.81; 383 nm, Icy/Ifee = 0.80), so there is no ratiometric
response. A 1:1 92:Hg(II) binding model is proposed. NMR
and mass spectrometric analysis indicate that deprotonation
of the amide group occurs following Hg(Il) coordination,
and IR spectroscopy reveals a corresponding shift in carbonyl
stretching frequency from 1678 to 1616 cm™'. The dissocia-
tion constant of 92 for Hg(Il) is 15.9 uM and the estimated
detection limit is 1.6 M. The fluorescence behavior is
proposed to result from both disruption of the pyrene eximer
by Hg(Il) coordination and from the intrinsic ability of Hg(II)
to quench fluorophore emission.

Perylene bisimide-based sensor 93 was presented as a
“FEQ” sensor for simultaneous “fluorescence enhancement
and quenching,”'*® but is more appropriately classified as
ratiometric. Addition of Hg(Il) to 93 causes an ~3.3-fold
fluorescence increase at 365 nm and ~1.9-fold quenching
at 557 nm (1:1 DMSO/H,0). Two equiv of Hg(Il) are
required to elicit the complete fluorescence change and Job
plots indicate 1:2 93:Hg(II) stoichiometry. Addition of K(I),
Ca(II), Al(I1D), Fe(II), Co(Il), Ni(II), Ag(I), Cd(I), or Pb(II)
to 93 causes negligible effects on the emission spectrum.
Some quenching occurs following Cu(Il) coordination. The
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Figure 24. Ratiometric fluorescence response of 2 uM 95 (DMS1)
to 0 — 40 uM Hg(II) in 30:70 THF/H,O (20 mM HEPES, pH 7.2).
Excitation was provided at 540 nm. Reprinted with permission from
ref 142. Copyright 2007 American Chemical Society.

detection limit of 93 for Hg(II) is 10 nM (500 nM 93). The
probe can respond to Hg(I) in the presence of human serum
albumin.

In 94, anthracene is appended with two dithiocarbamate
ligands and the construct provides ratiometric monitoring of
Hg(II) in 1:1 MeCN/H,O and 1:1 EtOH/H,0."*" In the latter
solvent system, the emission spectrum of 94 exhibits two
sharp maxima at ~390 and ~410 nm, characteristic of the
anthracene chromophore, and a broad emission band centered
at 525 nm attributed to charge transfer between the dithio-
carbamate and anthracene moieties. Addition of Hg(Il) to
94 inhibits charge transfer and the emission intensity at 525
nm decreases. Some fluorescence enhancement at ~390 and
~410 nm also occurs. This probe exhibits some fluorescence
change following addition of Zn(II) and Cd(II). Substitution
of the triethylamine moieties with morpholine abolishes the
ratiometric response because only quenching of the charge
transfer band is observed upon Hg(II) addition.

A BODIPY chromophore functionalized with two dithia-
dioxaaza macrocycles, 95, was designed for the ratiometric
detection of Hg(II) by both fluorescence and color changes
(Figures 23 and 24).'*? In 30:70 THF/H,O (20 mM HEPES,
pH 7.2), emission from 95 is weak (®@gee = 0.04, ey = 668
nm) because of PET quenching of the BODIPY excited-
state by the macrocyclic nitrogen atoms. Introduction of
Hg(II) causes a slight decrease in emission at 668 nm and a
dramatic increase at 578 nm (®Py, = 0.33). The Is7s/I¢s ratio
increases ~30-fold with addition of 20 equiv of Hg(ID).
Addition of Mg(Il), Fe(IlI), Co(Il), Ni(Il), Cu(Il), Zn(II),
CddI), Pb(Il), Ag(I), or AI(III) to 95 results in negligible
fluorescence change. Job plots indicate formation of a 1:2
95:Hg(Il) complex, where one Hg(II) binds per macrocycle,
with Ky values of 23 and 34 M. Both PET and ICT were
invoked to rationalize the fluorescence response of 95 to
Hg(II). Red-shifted emission of 95 relative to unfunctional-
ized BODIPY occurs because of ICT from the donor nitrogen
atom of the macrocycle to the BODIPY chromophore.
Coordination of Hg(Il) to the macrocyclic nitrogen atom
decreases its electron-donating ability and disrupts ICT,
which results in a hypsochromic shift of the emission band.
In addition, Hg(Il) complexation to 95 alleviates PET
quenching of the BODIPY excited-state by the nitrogen lone
pair electrons, which causes the fluorescence enhancement
(Figure 24). Sensor 95 also provides colorimetric ratiometric
Hg(Il) detection. The optical absorption spectrum of 95
exhibits an absorption maximum at 606 nm (¢ = 85,000
M_lcm_l), which is red-shifted by ~100 nm relative to that
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Figure 26. Ratiometric fluorescence response of 96 to Hg(Il) in
aqueous solution (pH 7.5). Reprinted with permission from ref 143.
Copyright 2006 American Chemical Society.

of BODIPY itself and results from ICT. Addition of Hg(II)
to 92 causes a hypsochromic shift of Ay, to 564 nm (e =
95,000 M~ 'em™"), turning the solution color from purple
to red-pink.

7.2. Ratiometric in Aqueous Solution

Only three examples of fluorescent ratiometric Hg(Il)
sensors that operate in aqueous solution have been reported
(Figure 25).'*~'* One example employs a coumarin report-
ing group and the remaining two sensors, MS4 and MSS5,
are based on a seminaphthofluorescein platform. All three
sensors afford single-excitation dual-emission ratiometric
detection of Hg(Il) with emission in the visible region of
the electromagnetic spectrum.

The coumarin-based ICT fluorophore, 96, comprises two
electron-donating aniline groups and electron-accepting ben-
zothiazolyl and carbonyl moieties.'** Coordination of Hg(II)
to the aniline nitrogen donor atoms disrupts charge transfer
to the benzothiazolyl and carbonyl acceptors, thereby causing
blue-shifts in the wavelengths of maximum absorption and
emission (50 mM HEPES, pH 7.5). In the absence of Hg(Il),
96 displays maximum emission at 567 nm (Aex = 390 nm)
with a quantum yield of 0.051. Addition of increasing
amounts of Hg(Il) causes an ~100 nm blue-shift in the
wavelength of maximum emission to 475 nm with essentially
no change in quantum yield (Figure 26). The Is¢;/1475 ratio
decreases from 11.9 to 0.4 with Hg(II) coordination, provid-
ing an almost 30-fold ratiometric change. Hg(Il) binding
causes an emission color change from yellow to cyan, visible
by eye when a 10 uM solution of 96 4+ Hg(Il) is excited
with 365 nm light by a hand-held UV lamp. Solution studies
indicate 1:1 coordination of Hg(Il) to 95 and a dissociation
constant of 39 uM. From 'H NMR spectroscopy, tetrahedral
coordination of Hg(II) by the two aniline nitrogen atoms and
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Figure 25. Ratiometric Hg(II) sensors that operate in aqueous solution.

two deprotonated amide nitrogen atoms is proposed. The
selectivity of the yellow-to-cyan color change is very specific
to Hg(I). Solutions of 96 remain yellow in the presence of
Fe(Ill), CodI), Ni(I), Cudl), Zn(I), Cd{I), Ag(l), and
Pb(II), and the Hg(I1)-induced response is not compromised
by the presence of 20 equiv of these metal ions. To date,
this sensor provides the largest ratiometric response to Hg(II)
in aqueous solution. Because ICT influences the optical
absorption spectrum, 96 also provides colorimetric ratio-
metric Hg(II) detection.

MS4, 97, is based on the seminaphthofluorescein platform
and has an aniline-derivatized pyridyl-amine-thioether chelate
(Figure 25).'"** At pH 8 (50 mM HEPES, 100 mM KCl),
the optical absorption spectrum of MS4 has a maximum at
548 nm (¢ = 9,000 M~ 'cm™ 1), which shifts to 545 nm (¢ =
11,200 M~ 'cm™") following addition of Hg(Il). When
excited at 499 nm, the emission spectrum of MS4 exhibits
two local maxima at 524 and 613 nm (P = 0.05, pH 8).
The intensity of the 613 nm band increases following addition
of Hg(Il) with no change in the 524 nm band, which affords
single-excitation dual-emission ratiometric detection of this
metal ion by comparison of the fluorescence intensity ratio
(Is24/Is24) before and after Hg(II) addition. An ~4-fold
ratiometric change occurs, with ®y, = 0.10. The magnitude
of the ratiometric response is pH-dependent with an ~2-
fold increase at pH 7 and an ~8-fold enhancement at pH
11. Like MS1-MS3, Hg(II) coordination to MS4 is reversible
and the maximum fluorescence response of MS4 to Hg(Il)
depends on chloride ion. The fluorescence response of MS4
is Hg(I)-specific and its selectivity for Hg(II) is similar to
that of MS2 and MS3, with only Ni(II) and Cu(II) interfering
with the Hg(IT)-induced response. This observation provides
further support for the notion that sulfur-rich chelates are
valuable for achieving a high degree of Hg(II) selectivity.

MSS5, 98, employs the same thioether-derivatized aniline-
based chelate as MS1 (MSS5, Figure 25; MS1, Figure 20).'%°
Combination of this ligand with the seminaphthofluorescein
chromophore provides both turn-on and single-excitation
dual-emission ratiometric sensing of Hg(II) in aqueous
solution. Like MS4, the emission spectrum of apo MS5
exhibits two local maxima at ~520 and ~620 nm (Aex =
499 nm). The nature of the fluorescence response of MS5
to Hg(Il) varies with pH. At pH 7, enhancement of both
emission bands occurs, which provides ~4-fold turn-on
detection (P = 0.018; dy, = 0.032). At pH > 8, Hg(Il)
coordination gives rise to a larger change in integrated
emission (pH 8, ~9-fold; pH 9, ~11-fold), which arises from
enhancement of the ~620 nm emission band. Only negligible
changes in the ~520 nm emission band occur. This feature
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Figure 27. Fluorescence response of MS5 (5 uM) to 25 equiv of

Hg(I) at pH 9 (50 mM CHES, 100 mM KCI) with excitation

provided at 499 nm. Reprinted with permission from ref 145.
Copyright 2007 American Chemical Society.

provides ratiometric detection through a comparison of (Is4/
Is24) before and after Hg(I) addition and an ~13-fold
ratiometric change occurs at pH 9 (®Pfe. = 0.010; Py,=
0.086) (Figure 27). As expected based on MS1-4, chloride
ion influences the magnitude of fluorescence turn-on ob-
served for MS5. The fluorescence response of MS5 is Hg(II)-
specific and reversible, and the sensor selectivity mirrors that
of MS1 with only copper interfering with Hg(II) signaling.
MS5 provides maximum fluorescence enhancement in the
presence of ~10 equiv of Hg(Il) and its ECs, for Hg(II) is
910 nM (1 uM probe; 50 mM PIPES, 100 mM KCI, pH 7),
higher than that of MS1 (ECso = 410 nM, pH 7) despite a
conserved metal-binding unit. This variation may reflect
differences in the protonation states of the seminaphtho-
fluorescein and fluorescein platforms, with phenolate coor-
dination to Hg(Il) for MS1 and phenol coordination for MS5.
The detection limit for Hg(IT) is 50 nM when 500 nM probe
is employed. MS5 can be used in conjunction with a low-
affinity Zn(II) sensor QZ2'*® for simultaneously reporting
Hg(II) and Zn(II) in buffered aqueous solution (pH 7). MS5
also responds to Hg(II) in spiked samples of natural water,
which suggests that the chloride dependence will not be a
limiting factor for its use.

8. Colorimetric Small-Molecule Hg(ll) Detectors

Colorimetric Hg(II) detection has been pursued by several
laboratories. This sensing approach has clear application in
the development of commercial Hg(II) indicators, such as
paper test strips, that can be evaluated visually without
illumination. Water solubility is arguably a less important
criterion for colorimetric probes than for fluorescent ones,
which are better suited for in vivo work. As long as the
colorimetric indicator responds to Hg(II) in the presence of
water and can be absorbed onto a paper strip or into a
membrane or film, it has potential. For this reason, in part,
we choose not to group colorimetric sensors according to
their solvent compatibility.

Figure 28 depicts colorimetric probes designed for Hg(II)
detection that contain a wide variety of chromophores and
chelates.'*”~!5! Sensor 99 consists of two 2,4-dinitrophenyl-
azophenol reporting groups embedded into a p-tert-
butylcalix[4]arenediaza-crown ether.'*’ In chloroform, the
optical absorption spectrum of 99 exhibits a dominant band
centered at 424 nm due to the azophenol groups and 99 forms
a yellow-colored solution. This probe can be employed in
liquid/liquid extraction experiments. When an aqueous
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solution containing Hg(I) is vigorously mixed with a solution
of 99 in chloroform, the color of the organic phase changes
from yellow to red (Amax = 500 nm). Extraction of the red
organic phase with EDTA reverses the color change. A
colorimetric response also occurs following Cd(II) coordina-
tion. The detection limit of 99 for Hg(I) is estimated to be
10 uM.

Hemicyanine dye 100 consists of an aniline donor and
benzothiazolium acceptor and provides colorimetric detection
of Hg(I) in mixed EtOH/H,O (1:10) at neutral pH.'*®
Addition of Hg(II) to 100 causes an ~100 nm blue-shift in
the wavelength of maximum absorption from ~550 to ~450
nm, with an isosbestic point at ~480 nm. As a result,
solutions of 100 change from pink to green upon introduction
of Hg(Il) (Figure 29). This color change is selective for
Hg(II). No color change occurs following addition of Na(I),
Mg(I), FeI), Ni(I), Cu(Il), Zn(II), Cd(II), or Pb(II). The
absorption spectrum of 100 displays some pH dependence,
with a red-shift of 25 nm in A, in alkaline solution and
with a decrease in extinction coefficient in acidic media. The
response of 100 to Hg(II) also depends on pH and is optimal
at pH 7. Job plots reveal a 1:1 stoichiometry for the 100:
Hg(Il) complex and the Ky value for Hg(II) is 100 nM.
Although a detection limit using optical absorption spec-
troscopy has not been not reported, ~85% fluorescence
quenching occurs following Hg(Il) addition to 100. Fluori-
metric analysis provides a detection limit of 100 ppb.

Sensors 101 and 102 were designed as “push-pull” systems
for Hg(II) detection and each contain two amine receptors
(Figure 28)."*’ Coordination of Hg(II) to one of the amine
groups causes metal-induced intramolecular charge transfer
(MICT) where the free amine is the donor. As a result,
addition of Hg(II) to solutions of 101 and 102 results in a
dramatic red-shift in the wavelength of maximum absorption
from ~400 to ~500 nm and the color changes from light
yellow to red (MeCN). The color change is specific for
Hg(Il). Addition of thiourea to solutions of 101/102 and
Hg(II) causes disappearance of the red color, indicating that
the probes bind to Hg(II) reversibly. Metal-binding titrations
reveal formation of 1:1 complexes and "H NMR studies
confirm Hg(II) coordination to the amine nitrogen atom and
not to the azine bridge. To determine whether 101 can detect
Hg(II) dissolved in aqueous solution, test strips were prepared
by treating filter paper with solutions of 101 in dichlo-
romethane. After air drying and submersion into an aqueous
solution of 25 uM Hg(II) (pH 7), the test strips change color
from yellow to red.

Several aza-oxo open chain receptors appended to aromatic
chromophores provide colorimetric Hg(II) detection (Figure
28).1°9151 Sensor 103 comprises an aza-oxo open chain
receptor appended to a nitrophenylazophenyl reporting
group.'® It exhibits a charge transfer band centered at 460
nm in dioxane, causing its yellow-orange color. Addition of
Hg(Il) to 103 in dioxane induces a bathochromic shift in
Amax of ~50 nm, and the solution turns red. Of twenty metal
ions screened, only Hg(II) causes this color change. Although
no binding constant was reported for the 103:Hg(II) complex,
"H NMR investigations indicate a strong interaction between
Hg(II) and the aza-oxo chain.

In subsequent work, a linear aza-oxo chain was appended
to a 1,3,5-triarylpent-2-en-1,5-dione to provide colorimetric
Hg(II) detection in a dioxane/H,O mixture (70:30, pH 6).'3!
When appended to anilinium moieties, such diones undergo
cyclizations to form the corresponding pyrilium cations upon
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Figure 28. Miscellaneous colorimetric Hg(II) probes.
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Figure 29. Digital image of the colorimetric response of 100 to
Hg(I) in 1:10 EtOH/H,0 (pH 7, HEPES buffer). Reprinted with
permission from ref 148. Copyright 2006 American Chemical
Society.

protonation of the aniline moiety. Protonation alters the
electronic character of the C; atom and allows for electro-
philic attack by C; on the hydroxylic oxygen of the enol
tautomer. To extend this work to metal-ion sensing, 104 was
designed, which incorporates an aniline moiety into a linear
aza-oxo chelate receptor. Introduction of one equiv of Hg(II)
to a solution of 104 causes the color to change from yellow
to magenta, indicative of ring closure and formation of 105.
The color change is visible by-eye at a probe concentration
of 100 uM. Of eighteen other metal ions screened, only
Fe(III) provides slight color change. Extraction experiments
employing dichloromethane solutions of 104 and aqueous
solutions of Hg(Il) provide 10 ppb detection of Hg(II)
following four min of shaking. When conducted in the
presence of other metal ions, only Fe(Ill) competes with
Hg(Il) in the extraction experiments. Nevertheless, proto-
nation of the aniline moiety also induces the yellow-to-
magenta color change and may afford a false positive.
Phosphorodithioate 106 is a colorimetric Hg(II) precipitator
(Figure 30).">? Addition of Hg(Il) to 106 instantaneously
causes the solution color to change from yellow to red, which
is visible to the naked eye when >8 uM 106 and >5 uM
Hg(Il) are employed. Precipitation of a red powder, a 2:1
106:Hg(I1) complex, follows (MeCN/H,O mixtures), which
effectively bleaches the solution. This detector shows good
selectivity for Hg(II). Although a number of other metal ions
cause color changes, only Hg(II) causes immediate bleaching

| &5
O N\/\O‘P‘O—Q—NHAc
Z
HO lll: N Z4
O:N
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Figure 30. A colorimetric Hg(II) precipitator.

by precipitation. The affinity of 106 is highest for Hg(II)
(K4 = 1.6 nM) with Hg(Il) > Pb(II) > La(IIl) ~ Eu(Ill) ~
Gd(II) ~ Tb(II) > Cd(I) > Co(II). When monitored with
a UV-vis spectrophotometer, a detection limit of 1 M Hg(II)
is obtained. In subsequent work, the authors developed a
Hg(II) precipitator with 0.3 ppb sensitivity for Hg(II) that
does not require attachment of a chromophore.'*

Several colorimetric Hg(II) detectors utilize the squaraine
reporter, which provides intense absorption in the visible and
near-IR spectral regions. The probes depicted in Figure 31
respond to Hg(IT) by bleaching of the chromophore.'>*!
Squaraine 107 has two dithiadioxaaza crown ether macro-
cycles as receptors.'>* In pure MeCN, the probe displays an
absorption maximum at 640 nm. When increasing amounts
of water are added to a solution of 107 in MeCN, face-to-
face 7 stacking and aggregate formation occurs, which results
in a decrease in absorption intensity and a blue-shift of A
to 560 nm (H,O = 67%). In 20:80 MeCN/H,0, 107 displays
absorption from both the monomeric (~650 nm) and
aggregate (~560 nm) forms and the solution is purple.
Coordination of Hg(Il) to 107 perturbs s-delocalization
across the squaraine and the purple solution becomes
colorless (Figure 32). The bleaching effect is selective for
Hg(II). The alkali and alkaline earth metals, divalent first-
row transition metal ions, the Group 12 congeners Zn(II)
and Cd(II), and Pb(Il) induce no significant change in the
absorption bands of 107. Addition of Ag(I) disrupts aggregate
formation, causing the absorption at 647 nm to increase and
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Figure 31. Colorimetric Hg(II) probes that operate via bleaching
of squaraine absorption.
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Figure 32. Colorimetric response of squaraine 107, designated
by “1” in the diagram, to Hg(II) and Ag(I) in 80:20 H,O/MeCN.
Reprinted with permission from ref 154. Copyright 2004 American
Chemical Society.

the solution to turn green (Figure 32). The detection limit
of 107 for Hg(Il) varies with the MeCN/H,O ratio of the
solvent system. With 67% or less water content, the detection
limit is <10 nM, below the EPA drinking water limit for
inorganic Hg(II).

Bleaching of squaraine absorption also occurs for com-
pound 108 following Hg(Il) addition (Figure 31).">° In
dichloromethane, 108 exhibits an intense absorption band
centered at ~782 nm. Addition of Hg(Il) causes a decrease
in and slight hypsochromic shift of Ay, to 770 nm and
formation of a new absorption band at 551 nm. The solution
color changes from green to pink following introduction of
Hg(II). Job plots indicate 2:1 108:Hg(II) binding stoichiom-
etry and density functional calculations at the B3LYP/
6-31G* level of theory suggest tetrahedral coordination of
Hg(Il) by the squaraine oxygen atoms. Similar changes in
the optical absorption spectrum of 108 occur following
introduction of Pb(II), but most other cations do not cause
any change and 108 detects Hg(II) in the presence of Cu(Il).

Squaraine has also been employed as the reporting group
in a regenerative chemodosimeter containing a thioether
moiety and two linear azacrown ethers (Figure 33).''7
Compound 109 is colorless in solution and exhibits two weak
absorption bands centered at ~265 and ~305 nm attributed
to the dialkylanilino and dialkylaminophenylhydroxycy-
clobut-2-enone groups, respectively. Formation of squaraine
110 is triggered by Hg(Il)-induced loss of the thioether
moiety, which provides intense absorption at 642 nm (1:4
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MeCN/H,0, pH 9.6) with €5 > 100,000 M~ 'cm™". The
blue color that occurs upon Hg(II) addition is visible by eye.
Spectrophotometrically, 20 ppb Hg(II) can be detected. The
Hg(Il)-induced conversion of 109 to 110 can also be
monitored by fluorescence, and this methodology yields a
detection limit below 10 nM (MeCN/H,O mixture, pH 9.6).
Derivative 111 was absorbed onto powdered silica and used
in the preparation of films for “dip-stick” testing. The films
turn blue after being submerged in an aqueous solution of
Hg(II) for several seconds, which indicates a high potential
for practical applications. Addition of propanethiol allowed
for recycling of the dosimeter. This feature is an advantage
over the chemodosimeters that rely on irreversible chemical
reactions. Furthermore, compared to other strategies involv-
ing squaraine, this one is superior because a color enhance-
ment results from Hg(Il) detection instead of bleaching.

9. Mercury Detectors Based on Biomolecules

Biomolecules are alternatives to small-molecule detec-
tors and have been applied in a variety of sensing
applications. Often the specificity of a given biomolecule
can be exploited to provide a probe that selectively
responds to the analyte of interest. Other advantages
include the water-solubility of biomolecules and that they
generally function at neutral pH and under physiological
conditions. Several types of biomolecules have been
employed for Hg(I) detection, including proteins,'%'57
oligonucleotides,'’® DNAzymes,'*” and an antibody.'®® We
include Hg(II)-responsive organisms'®'~'*® in this section and
begin with a discussion of live bacteria engineered to provide
fluorescent detection of mercury.

9.1. Recombinant Whole-Cell Bacterial Hg(ll)
Detectors

Many bacteria harbor genetically encoded resistance
systems that allow them to survive in environments
contaminated with various toxins, including heavy metals.
The genes of the mer operon, merTP(C)A(B)D, are
responsible for mercury resistance in several bacterial
strains.'® The regulatory protein MerR, encoded by the
merR gene, suppresses transcription of the mer operon in
the absence of Hg(IT)."®>~'%® When bacteria encounter Hg(II),
its binding to MerR results in a conformational change and
transcription occurs, causing the synthesis of mercuric
reductase. This enzyme converts inorganic Hg(II) to Hg(0),
the latter of which is volatile and lost from the cells. Bacteria
containing the merB gene also produce organomercurial
lyase, which cleaves C—Hg bonds and thereby allows for
the detoxification of organomercurial compounds. Live
bacterial Hg(IT) detectors that have been described to date
are based on the receptor-reporter concept whereby a strictly
Hg(Il)-regulated promoter controls the expression of a
reporter gene.'®® In most systems, the reporting firefly
luciferase gene (lucFF) is controlled by the operator/
promoter for the mer operon.'®'='93-170-171 1y the presence
of Hg(Il), MerR activates transcription and expression of
firefly luciferase results. This enzyme catalyzes the ATP-
dependent oxidative decarboxylation of D-luciferin to oxy-
luciferin, the latter of which is luminescent (Anac = 560 nm).
Recombinant bacteria lacking the merB gene exhibit narrow-
range specificity and are only sensitive to inorganic Hg(II)
whereas those containing the merB gene are broad-range and
also detect organomercurials.'®® The sensitivity of these live
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Figure 33. Regenerative colorimetric chemodosimeter for Hg(II) based on the squaraine chromophore that provides color development

with Hg(II) detection.

cell Hg(II) detectors depends on the strain, but concentrations
as low as 0.1 fM Hg(II) are detected by E. coli MC1061/
pCSS810.'°" Because of the specificity of MerR for Hg(II),
these microbe-based detectors are insensitive to other metal
ions including Zn(II), Cu(Il), Mn(II), and Co(II). Some
emission enhancement results when micro- to millimolar
concentrations of Cd(Il) are present. The mer/lucFF systems
have been applied to the analysis of water and soil
samples'’"'"* and have been installed in fiber optic de-
vices.'” In all cases, the systems report on bioavailable
mercury instead of total mercury. Most protocols for
employing the live bacterial sensors include incubation of
the microbes with the sample of interest and subsequent
addition of D-luciferin followed by spectrophotometric
analysis. Because no complicated sample preparation is
required and the bacteria can be lyophilized and stored frozen
for at least 6 months, the approach is cost-effective. One
potential drawback is that relatively long and temperature-
dependent incubation times for both the sample and D-
luciferin treatment are required to generate the luminescent
signal. It should also be noted that false negatives occur in
the presence of elevated mercury concentrations (~100 nM
to ~1 uM depending on the mercury source) or other
unknown toxins resulting from bacterial cell death. In related
work, E. coli RBE27-13, a mercury-sensing strain containing
the lacZ reporter gene under the control of the heavy metal-
responsive gene promoter znfA, was employed in a fiber optic
array to report on Hg(II)."”* After one hour incubation with
100 nM Hg(Il) and treatment with fluorescein di-f3-D-
galactopyranoside, a 44% increase in fluorescence was
observed, indicating an enhancement of LacZ expression
relative to control cells where no Hg(II) was added. A 149%
fluorescence change occurred when 5 uM Hg(I) was
employed.

9.2. Protein-Based Hg(ll) Detectors

In a separate strategy involving members of the mer gene
cluster, E. coli MerR was overexpressed and combined with
a 31-mer DNA duplex containing the MerR binding sequence
and pyrrolo-C, depicted in red, a fluorescent analog of
cytosine (Figure 34).'3® Pyrrolo-C itself emits at ~445 nm
(Aex = 350 nm), but its fluorescence is quenched when it is
attached to a DNA duplex because it hydrogen bonds with
guanine to form a base pair. Addition of Hg(II) to solutions
containing MerR and the 31-mer DNA duplex results in

fluorescence turn-on because Hg(I1) binding to MerR causes
the enzyme to unwind the DNA duplex and disrupt base-
pairing, which alleviates quenching of pyrrolo-C. An ~4-
fold fluorescence enhancement immediately results following
addition of one equiv of Hg(Il) to the Mer/DNA mix. The
detection system is > 100-fold more sensitive to Hg(II) than
other metal ions, in agreement with the known selectivity
of MerR.'®* A detection limit for Hg(IT) was not provided.
Given the nanomolar sensitivity of MerR itself for Hg(II),
this system or modifications thereof, particularly one with a
brighter fluorophore, has the potential to respond to low
Hg(I) concentrations. The DNA distortion mechanism
provides a general strategy for developing fluorescent sensors
for various analytes based on MerR family members and
has been extended to Cu(II) and Pb(II).!®

In subsequent work, the Mer/DNA approach was modified
to afford ratiometric Hg(II) detection.’”” Two pyrene moi-
eties, one on each oligonucleotide and adjacent to an abasic
site, were incorporated into the center of a 31-mer duplex
DNA containing the MerR binding sequence (Figure 34).
In the absence of Hg(Il), the pyrenes are in close proximity
and emission is predominantly from the eximer (e~ 480
nm). Once again, MerR coordination to Hg(II) causes a
distortion in the DNA duplex, which separates the pyrene
groups and disrupts eximer formation. An ~5-fold decrease
in pyrene eximer and an ~3.3-fold increase in pyrene
monomer emission (Aem~ 380 nm) occur following addition
of one equiv of Hg(Il) to solutions containing MerR/DNA,
which results in an overall ~15-fold ratiometric response.
This fluorescence change is observable by-eye following
addition of 1 uM Hg(Il) if a hand-held UV lamp is employed.
The detection limit for Hg(II) is ~10 nM and the metal-ion
selectivity is like that of the pyrrolo-C analog described
above.

9.3. Oligonucleotide-Based Hg(ll) Detector

An oligodeoxyribonucleotide-based Hg(II) detector'>® was
designed that takes advantage of the known ability of
mercuric ion to bind to thymine-thymine (T-T) mispairs in
DNA, resulting in stabilization of the duplex.'’”> This sensor
consists of an oligodeoxyribonucleotide (ODN) containing
multiple thymine moieties that is linked to a dabcyl quencher
(D) on the 5' end and a fluorescein (F) on the 3’ end (Figure
35). In the absence of Hg(Il), the D-ODN-F sensor is
randomly oriented in aqueous solution and emission from
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Figure 34. Hg(II) detectors that utilize the MerR-induced distortion of DNA. (a) Turn-on response to Hg(II): (i) Addition of Hg(II) causes
MerR to distort a 31-mer DNA duplex containing a pyrrolo-C (red) chromophore and emission results. (ii) The hydrogen bonding and
base-pairing that occur between guanine (G) and pyrrolo-C (red C) in the absence of Hg(Il), which quenches pyrrolo-C emission. (iii) The
31-mer duplex DNA used in this study. (b) Ratiometric response to Hg(Il): (i) Addition of Hg(II) causes the MerR to distort the 31-mer
DNA duplex, which disrupts pyrene eximer formation. (ii) The abasic site (blue star) and pyrene (red bar) moieties employed. (iii) The
31-mer DNA duplex with pyrene and abasic sites employed.
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Figure 35. Components of the oligonucleotide Hg(Il) detector. (a) Schematic of T-Hg-T pairs. (b) Structure and design of the D-ODN-F
probe. (c) Structure of the dabcyl quencher. (d) Structure of the fluorescein derivative employed.

fluorescein is observed. Upon addition of Hg(II), the T-Hg-T
adduct forms and produces a hairpin structure. The dabcyl
moiety and fluorescein come into close proximity and
fluorescence quenching results. This detector operates in
aqueous solution at neutral pH, gives a linear response in
the range of 40 to 100 nM of Hg(Il), and has a lower
detection limit of 8 ppb (40 nM). Because other metal ions
do not promote similar stabilization of DNA duplexes
containing T-T mispairs,'’> the response of this probe is
highly selective for Hg(I). Detailed studies of Hg(Il)-binding

stoichiometry were not reported, but coordination of multiple
Hg(I) ions is presumably necessary to form the hairpin
structure. Because fluorescence quenching can result from
other, unknown species in an environmental sample, an
antisense approach was designed whereby a probe lacking
both quencher and fluorophore was employed. If the D-
ODN-F sensor exhibits fluorescence quenching in the
absence of the antisense probe (as-ODN) and fluoresces
brightly in the presence of excess as-ODN, the response can
be attributed to Hg(II) complexation.
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Figure 36. The 9,5-11 DNAzyme, which is a reversible sensor
for Hg(II). Coordination of Hg(II) to the DNAzyme results in the
inhibition of self-cleavage activity.

9.4. DNAzyme-Based Hg(ll) Detectors

DNAzymes are nucleic acids that exhibit catalytic activity.
Many of these deoxyribozymes have cleavage activity,
promoting DNA or RNA strand scission. The 9,s-11
DNAzyme depicted in Figure 36 contains several unnatural
nucleic acids appended with imidazole and amine groups
that are important for catalytic activity.'>® In the absence of
any metal ion, this species exhibits RNAase-A-like activity
and self-cleaves an embedded ribophosphodiester linkage (rC
in Figure 36). Addition of Hg(II) to the 9,5-11 DNAzyme
results in its inhibition, which is attributed to chelation of
Hg(Il) by the imidazole groups. The inhibitory effect is
visible by gel electrophoresis. A Hill plot analysis indicates
that only one Hg(Il) ion is required for inhibition and the
apparent Ky value for Hg(Il) is 110 &= 9 nM. Inhibition of
the self-cleavage reaction by Hg(Il) is reversible following
addition of EDTA or DTT. Many other transition metal and
rare earth metal ions were screened. Some of these show
inhibitory effects in the order Hg(II) > Cu(Il) > Yb(IIl) >
Zn(Il) ~ Y(III) ~ Eu(II) for the most potent inhibitors at
100 uM metal ion. The DNAzyme has a 25-fold weaker
apparent Ky for Cu(Il) relative to Hg(Il), and the presence
of Cu(II) has no apparent effect on the kinetics of the Hg(II)-
induced cleavage inhibition. Drawbacks of the current system
include: (i) it relies on inhibition rather than cleavage for
Hg(II) detection and (ii) gel electrophoresis is required to
analyze the products. Modification of this approach to afford
an optical readout would be worthwhile. More recently, an
in vitro selection approach was used to obtain Hg(II)-
selective DNAzymes from a random population (10"
members) of oligonucleotides.'”® Eight cycles of selection
and amplification afforded a population exhibiting a 54%
enhancement in Hg(Il)-induced cleavage efficiency, suggest-
ing that in vitro selection may prove useful for discovering
new Hg(II)-specific oligos.

9.5. Antibody-Based Hg(ll) Detector

Chemically programmed monoclonal antibodies offer a
means of fluorescent Hg(Il) detection. 19G2 is a monoclonal
antibody against trans-stilbene hapten EP-2 (112, Figure 37),
and the EP2-19G2 complex emits blue fluorescence (lex =
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Figure 37. Components of a Hg(II) detection system that relies
on the 19G2 antibody. (a) The stilbene hapten EP-2. (b) The 19G2
antibody fluoresces in the presence of the arylboronic acid. Addition
of Hg(Il) results in formation of the aryl mercuric chloride and
quenching of antibody emission occurs.

327 nm, Aem = 410 nm, ® = 0.78)."”” Modification of the
stilbene moiety to include an arylboronic acid (Figure 37)
maintains the blue emission characteristic of the EP2-19G2
complex in buffered aqueous solution, although the intensity
is diminished to some degree and the emission maximum
red-shifts to 445 nm (4ex = 300 nm). Addition of four equiv
of Hg(II) to solutions of 19G2 and boronic acid 113, which
undergoes transmetalation with Hg(I) to form the aryl
mercuric chloride, 114, provides up to 93% fluorescence
quenching.'®® This system is selective for Hg(II) over many
other metal ions in aqueous solution. Alkali and alkaline earth
metals, divalent first-row transition metal ions, Cd(II), Pb(II),
and Pt(I) do not cause any fluorescence response. Addition
of 10 equiv of Pd(II) results in ~65% fluorescence quench-
ing. The detection limit of 113-19G2 for Hg(Il) is less than
6 nM.

10. Mercury Detectors Based on Materials

In this section, we highlight progress that has been made
in the design and use of optical Hg(Il) probes that employ
materials as either the sensory unit or as a medium for
harboring a Hg(Il)-responsive element. These approaches
vary widely and include soluble polymers,'”*"'% heteroge-
neous systems that comprise membranes, films, and fibers, '3~
and a variety of functionalized nanoparticles.'®'~1%3

10.1. Soluble and Fluorescent Polymers

Conjugated polymers (CPs) or “molecular wires” have
been employed for the detection of many analytes, including
biomolecules, explosives, and other small molecules.' 217
An advantage of CPs over small molecules is that signal
amplification occurs from electronic communication along
the polymer backbone.'”” As a result, a single CP provides
enhanced optical response relative to one of its monomer
units. In recent years, CPs have been employed either alone
or in conjunction with biomolecules for Hg(II) detection.

The  poly[p-(phenyleneethylene)-alt-(thienyleneethy-
nylene)] (PPETE) conjugated polymer functionalized with
N,N,N'-trimethylethylenediamino (tmeda) groups affords
turn-on Hg(Il) detection in organic solution (115, Figure
38)."”® This polymer emits at 488 nm with a low quantum
yield of 0.09. Addition of micromolar quantities of Hg(II)
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Figure 38. Conjugated polymers used for Hg(Il) detection. CP
115 provides turn-on detection in THF. CP 116 gives a turn-off
response to Hg(II) when combined with papain in an agglutination
assay.
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Figure 39. (a) A thymine-appended oligothiophene employed for
Hg(Il) detection. (b) Schematic of the Hg(Il) sensing system.
Addition of Hg(II) to 117 causes interpolymer stacking as a result
of T-Hg-T interactions. Quenching of the CP emission results.

to 115 causes 2.7-fold fluorescence enhancement in THF.
The polymer also responds to Ca(Il), Zn(Il), and protons,
all of which afford 1.6- to 1.8-fold fluorescence turn-on.
Because the PPETE polymer itself has a quantum yield of
0.54,'°% a PET mechanism is used to explain the low
emission of 115 and the turn-on resulting from Hg(II)
addition. In this model, the lone pairs of the tmeda nitrogen
atoms quench emission from the PPETE polymer. Mercury
coordination to the nitrogen atoms disrupts this pathway and
gives fluorescence enhancement. This explanation is con-
sistent with many experimental observations, including the
proton and Zn(II) sensitivity to 115, but a model study
employing a PPETE-tmeda monomer would provide helpful
insight into the details of Hg(II) coordination and subsequent
turn-on. Although the fluorescence change is small and the
Hg(Il) affinity low (not quantified), this work provides a
foundation for the design of turn-on conjugated polymers
with enhanced Hg(Il) affinity and selectivity.

Conjugated polymers have been used in conjunction with
biomolecules for Hg(IT) detection (Figures 38 and 39).'7%-'80
In one example, a hydrolytic enzyme was added to improve
the sensitivity of a negatively charged CP, poly(para-
phenyleneethynylene) (PPE), 116, for Hg(II). Emission from
116 is sensitive to a number of metal ions, including Ca(II),
Fe(Il), Ni(II), Zn(II), Pb(Il), and Hg(Il), with the greatest
fluorescence quenching observed following Hg(Il) addition.
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Figure 40. The CP and mercury sensitive oligonucleotide, which
provide colorimetric and turn-on fluorescent detection of Hg(Il) in
aqueous solution.

Papain, a positively charged hydrolase enzyme, coordinates
Hg(Il) and forms an electrostatic complex with 116 in
solution. Addition of 20 4uM Hg(II) to a 1:1 mixture of 116
and papain results in agglutination, precipitation, and a
nonfluorescent solution phase. This turn-off effect only
occurs for Hg(Il). It is proposed that the 116-papain complex
is more susceptible to agglutination than are its individual
constituents. The fluorescence change can be observed by
eye using a hand-held UV lamp when 5 uM 1:1 116:papain
and 20 uM Hg(Il) are employed. This agglutination and
precipitation behavior is observed with other proteins includ-
ing histone (cationic) and BSA (anionic), but >100 uM
Hg(II) is required to elicit the response. With significantly
improved sensitivity, this strategy may afford a useful method
for quick Hg(II) detection in the laboratory.

A conjugated polymer functionalized with nucleic acids
has been employed for Hg(Il) detection in aqueous solu-
tion.'®® Taking advantage of the characterized interaction of
Hg(II) with thymine (see Section 9.3),'a poly(thiophene)
conjugated polymer with one thymine moiety per monomer
unit was designed (117, Figure 39). In the absence of Hg(II),
the CPs are separated and exhibit strong emission at 550
nm (Aex = 415 nm, 4:1 EtOH/DMSO). Addition of mercuric
acetate results in interpolymer stacking and aggregate forma-
tion because of T-Hg-T interactions between separate
polymer chains. A 63% decrease in fluorescence intensity
at 550 nm results. Coordination to Hg(II) also induces a 5-nm
red-shift in the wavelength of maximum absorption. The
emission of CP 117 exhibits some sensitivity to Cu(Il) and
Zn(II) (~25% and ~8% quenching observed, respectively).
Other cations, including Ca(Il), Mg(II), Co(II), and Ni(II),
elicit little or no response and 117 can detect Hg(Il) in their
presence. The sensor responds to Hg(II) in the 30 to 300
uM range.

Most recently, a mixture containing a cationic CP, poly(3-
(3'-N,N,N-triethylamino-1'-propyloxy)-4-methyl-2,5-
thiophene hydrochloride) (PMNT, 118), and an oligonucle-
otide (MSO, 119) was used to provide colorimetric and turn-
on fluorescent detection of Hg(Il) in water (Figure 40).'®!
The 28-base oligonucleotide is thymine-rich and serves as
the Hg(II) probe. Solutions of 118 are yellow and exhibit
maximum absorption centered at 392 nm. In the absence of
Hg(II), 118 and the oligonucleotide form an electrostatic
complex. Addition of oligonucleotide 119 to an aqueous
solution of CP 118 causes the solution to turn red. A decrease
in the 392 nm absorption band and formation of a new band
of slightly greater intensity centered at 520 nm occur.
Addition of Hg(Il) causes the oligonucleotide to undergo a
conformational change; like the oligonucleotide illustrated

in Figure 35,'® it adopts a stem-loop structure as a result of
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Figure 41. A cholate-based foldamer containing two methionine
moieties for Hg(II) coordination and a dansyl reporting group.

Hg(II) coordination and formation of T-Hg-T linkages. This
conformational change modulates the electrostatic interaction
between 118 and 119, and the solution color returns to
yellow, which provides colorimetric detection of Hg(II). The
Hg(II)-induced red-to-yellow color change is visible to the
eye at 12.5 uM Hg(Il) and at 2.5 uM with a spectropho-
tometer. Emission from 118 is also influenced by 119 and
Hg(II). Addition of the oligonucleotide to aqueous solutions
of the CP results in ~5-fold fluorescence quenching with
no apparent change in the wavelength of maximum emission
(Aem = 533 nm). Subsequent addition of Hg(Il) to this
mixture restores ~50% of 118 emission. A detection limit
of 42 nM is obtained by fluorescence. Other metals including
Ca(II), Mg(1I), Mn(1I), Co(II), Cu(II), Zn(II), and Pb(II) cause
negligible color and fluorescence change. The optical changes
that result from Hg(Il) addition are attributed to a new
interaction between the 118 and the Hg(II)-bound oligo-
nucleotide. Nevertheless, the red-to-yellow color change and
fluorescence turn-on could also arise from breakdown of the
electrostatic CP-oligonucleotide complex.

Foldamers are another class of polymers that have been
employed for Hg(II) detection. The cholate/methionine
foldamer 120 is appended with a dansyl fluorophore at one
chain terminus (Figure 41).'%%183 When dissolved in nonpolar
media containing a trace amount of polar solvent, foldamer
120 can adopt a helical structure with a central cavity.
Addition of Hg(II) to 120 in such a “folding-friendly” solvent
system (2:1:hexane/EtOAc with 5% methanol) results in ~2-
fold fluorescence quenching. The fluorescence change is
attributed to Hg(I) coordination to the two methionine
thioether moieties of 120, which are in close proximity as a
result of folding, and quenching of dansyl emission by Hg(II).
Job plots indicate that the foldamer binds Hg(Il) with 1:1
stoichiometry. A K4 value of 67 nM and a detection limit of
20 nM were obtained in this solvent system. The affinity of
120 could be systematically decreased by almost 4 orders
of magnitude by changing the solvent composition to disfavor
folding, which separates the thioether donors. The fluores-
cence response of 120 to Hg(Il) is relatively high. Other
metal ions, including Mg(II), Co(II), Ni(Il), Cu(I), Zn(II),
Pb(Il), and Ag(I), were screened and 120 only showed a
fluorescence response for Ag(I) (4%). In subsequent work,
120 was treated with surfactant micelles for application in
aqueous solution.'®* A combination of 120 and anionic SDS
micelles proves to be optimal for Hg(Il) detection in aqueous
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Figure 42. Components and reactivity of a Hg(Il)-sensitive
membrane. (a) Fluorescent and reactive components of the system.
The membrane also contains the PVC polymer and DOS plasticizer.
(b) Decomposition of tetraphenylborates by Hg(II).

solution, although the affinity for Hg(II) drops significantly
(Kqg = ~1.5 to ~9 uM depending on SDS concentration)
and the detection limit increases to 1 uM.

10.2. Membranes, Films, and Fibers

A turn-off Hg(II) detection system based on a cation-
sensitive membrane, a potential-sensitive fluorophore, and
the known decomposition of borate by Hg(Il) has been
described.'®*!®> The cation-sensitive membrane contains a
mixture of poly(vinyl chloride) (PVC), bis-(2-ethylhexyl)se-
bacate (DOS), potassium tetrakis(4-chlorophenyl)borate
(PTCPB, 121), and the 3,3'-dihexadecyldicarbocyanine fluo-
rophore (122, Figure 42) dried on a Mylar support. 3,3'-
Dihexadecyldicarbocyanine is lipophilic and exhibits solvent-
dependent emission with fluorescence in moderately polar
media, including the PVC membrane, and quenching in
aqueous solution. It forms an ion-pair with 121 in the
membrane. When immersed in aqueous solution, the 121-122
ion-pairs reside in the membrane, which thereby fluoresces
(Aex = 492 nm; Aey, = 512 nm). When Hg(II) is introduced
into the aqueous solution and enters the membrane, borate
decomposition occurs (Figure 42), disrupting the borate-dye
ion-pairs and causing partial expulsion of 122 from the
membrane. Consequently, fluorescence quenching occurs
when 122 encounters aqueous solution and aggregates. This
system provides a linear response to Hg(I) in the concentra-
tion range of 0.1 to 5 uM, which is insensitive to pH in the
4 to 6 range. The specificity of the membrane for Hg(Il) is
high. Addition of Zn(Il) or Ag(I) results in slight fluorescence
quenching, <10% of the total observed for Hg(II). Negligible
emission change occurs following addition of Na(I), K(I),
Ca(Il), Mg(1I), Ni(II), Cu(Il), Cd(II), or Al(II). Although
decomposition of borate by Hg(Il) is irreversible, the
membrane can be recycled by a soak in borate solution.
Because of its two hexadecyl tails, fluorophore 122 remains
associated with the polymer and the cationic portion will
re-enter following borate treatment.

A number of films and fibers have been employed for
Hg(II) detection with varying degrees of success. The small-
molecule Hg(Il) probes embedded in these materials are
shown in Figure 43.'%¢719%1%° In the 1990s, an approach for
detecting cations that employs distearylphosphatidylcholine
(DSPC) bilayers doped with synthetic lipid-appended report-
ers was developed.'” Mercury detection in aqueous solution
(MOPS buffer, pH 7.4) was achieved by using hydrated films
containing DSPC and a synthetic lipid, 123, appended with
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Figure 43. Small molecules employed in membranes, films and fibers for Hg(II) detection.

both a dithioamide receptor and a pyrene reporting group
(Figure 43). The hydrophobic pyrene moieties are embedded
inside of the DSPC interior and the dithioamide receptors
reside at the bilayer surface. In the absence of Hg(Il),
emission from both the pyrene monomer (lem = 376 nm)
and eximer (Aem = 470 nm) occurs with a monomer/eximer
(M/E) intensity ratio of 2.2. The eximer emission results from
a high local concentration of pyrene in the bilayer, which
facilitates aggregation. Introduction of Hg(II) causes a
decrease in eximer and increase in monomer emission,
attributed to reorganization of 123 in the bilayer and
disruption of eximer formation. The sensing response of the
DSPC/123 bilayer is therefore ratiometric, although it was
not described as such in the initial report. Its response to
Hg(II) occurs immediately after mixing. The change in M/E
ratio is linear (semilogarithmic plot) over a Hg(Il) concentra-
tion range of 100 nM to 100 M and the detection limit for
Hg(Il) is 100 nM. DSPC/123 is unresponsive to mM
concentrations of Na(I), Li(I), K(I), Mn(II), Ni(IT), Ca(II),
Cr(II), Co(II), and Pb(II). Both Cu(Il) and Cd(II) generate
some fluorescence response, but the sensitivities are 10- and
1000-fold lower than that of Hg(II). Addition of EDTA
restores the M/E ratio characteristic of the unbound form
and the bilayer can be recycled.

Mesoporous materials offer an alternative means of
immobilizing small molecules and have been employed for
the detection of heavy metal ions. Calixarene-based sensor

21 (Figure 4) was modified to include triethoxysilane groups
(124, Figure 43) suitable for grafting onto SBA-15, an
ordered mesoporous silica with an average pore size of 66
A8 When grafted onto SBA-15 and suspended in water
(pH 4.0), the emission spectrum of 124 exhibits a maximum
at 540 nm (Aex = 350 nm). Following introduction of Hg(IT)
into the aqueous solution, the emission from 124-SBA-15
decreases ~50% and a 12-nm blue-shift in the wavelength
of maximum emission occurs. Metal-binding titrations
monitored by fluorescence spectroscopy indicate that one
Hg(I) binds per 124 on the SBA-15 support with a K, value
of 2 uM (pH 4). The linear response range of 124-SBA-15
extends to 4 uM Hg(II) and its detection limit for Hg(Il) is
330 nM. 124-SBA-15 gives some fluorescence response to
Cu(II) (turn-off) and to Na(I) and Pb(Il) (turn-on). The
material responds to Hg(II) within a few seconds following
Hg(Il) addition and can be recycled. Addition of excess
EDTA regenerates the emission of apo 124-SBA-15.

Two ruthenium-based compounds with pyridyl and thio-
cyanate ligands provide colorimetric Hg(Il) detection in
solution both as free molecules and when appended to
mesoporous nanocrystalline TiO, films (Figure 43).'57-188
Aqueous solutions of 125 change from dark red-purple to
orange upon addition of Hg(II) with a decrease in 530 and
an increase in 480 nm absorption. This color change is visible
by eye at 1.5 ppm Hg(II), and 20 ppb Hg(II) can be detected
by UV-vis spectroscopy.'®® X-ray crystallographic studies
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indicate that Hg(Il) binds to the sulfur atoms of the NCS
groups and forms an insoluble coordination polymer
[Ru(NZC1204H8)2(NCS)2],,'”L under the conditions for crystal
growth. When 125 is absorbed onto TiO, and exposed to
aqueous solutions of Hg(Il), a red-purple-to-orange color
change occurs in seconds at millimolar concentrations of
Hg(II) and in minutes for micromolar concentrations. This
color change is specific for Hg(II). Other metal ions,
including Ca(II), Mg(II), Mn(II), Fe(IT), Co(II), Ni(II), Cu(II),
Zn(II), Cd(I), and Pb(II), do not cause any an optical change
(20 uM metal ion, 10 min), and no interference from different
anions (F~,Cl",Br ,I, AcO",NO;, and SO42_) occurs.
The film sensitivity is less than that of the free Ru(Il)
complex, with 0.5 ppm detection being achievable with the
use of a spectrophotometer. Importantly for practical ap-
plications, the TiO; films can be recycled by washing with
KI and subsequently reused for Hg(Il) detection. A second-
generation Ru(II)-based sensor, 126, was also prepared.'®®
Solutions of 126 exhibit a greater colorimetric change from
dark green to pink following Hg(II) addition resulting from
a decrease in the 625 nm charge transfer band and an increase
in absorption at 560 nm. As observed for 125, the color
change of 126 is Hg(II)-specific; this sensor provides a linear
response from 0.5 to 600 nmol of Hg(Il) and a detection
limit of ~100 ppb. As for 125, TiO, films soaked with 126
provide a Hg(II)-specific colorimetric change when dipped
in aqueous solutions containing Hg(II). Low ppm concentra-
tions of Hg(Il) are visible by-eye with this film.

Porphyrin films deposited on glass surfaces have been used
for turn-off Hg(IT) detection in water.'® Films formed by
depositing porphyrin 127 (Figure 43) on hexamethyldisilox-
ane-treated glass slides exhibit an optical absorption band
at 420 nm and emission bands at 652 and 720 nm (Aex =
420 nm). Following immersion into an aqueous solution of
10 uM Hg(II), the porphyrin emission decreases ~10-fold.
A bathochromic shift in the absorption spectrum also occurs,
which indicates Hg(II) coordination to the porphyrin. The
heavy metal ion chelator TPEN, 13 (Figure 1), effectively
removes Hg(II) from the porphyrin and restores the original
fluorescence of the film. Through consecutive dipping into
Hg(Il) or TPEN solutions, the film can be recycled at least
six times. The film is stable in the pH 5-9 range and <100
uM concentrations of other metal ions, including Cu(Il),
Cd(I), and Pb(Il), have negligible effect on film emission.
A flow-through fluorescence cell was fabricated using 127
and fluorescence quenching occurs when a Hg(II)-containing
solution was passed through the device. The degree of
quenching was linearly correlated to the concentration of
Hg(Il) in the 0 — 250 uM range. In related work, 5,10,15-
tris(pentafluorophenyl)corrole was embedded in a PVC
membrane and used to sense Hg(II) by fluorescence quench-
ing in the pH 5-8 range.?*

Optical fibers?*'2? are useful Hg(II) sensing platforms
because they accommodate multiplexing and can be delivered
to remote locations such as deep sea waters. A lipophilic
diporphyrin, 5-p-[[4-(10',15',20"-triphenyl-5"-porphinato)-
phenyloxyl]-1-butyloxyl]phenyl-10,15,20-triphenylpor-
phine (DTPP) (128, Figure 43), was incorporated into PVC
containing sodium tetraphenylborate and DOS, and the
mixture was coated onto a quartz plate for use in a bifurcated
optical fiber.'”® The porphyrin dominates the fluorescent
properties of the fiber, which exhibits two peaks of maximum
emission at ~652 and ~717 nm (Aex = 421.5 nm). Addition
of Hg(Il) causes ~2-fold fluorescence quenching. The
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Figure 44. Components of Triton X-100 micelles for Hg(Il)
detection.

working concentration range is from 0.52 to 310 uM Hg(II)
and the 1:1 DTPP/Hg(II) complex has an apparent K, of 46
uM. Emission from the fiber is pH-insensitive from 2.4 to
8, which makes it suitable for use in natural waters. It is
selective for Hg(IT) over millimolar concentrations of Cd(II),
Co(I), Cu(Il), Ni(1l), Pb(Il), Zn(Il), and Fe(Ill) (pH 5.4),
and the Hg(Il)-induced fluorescence quenching can be
reversed by washing the membrane with dilute HCl. Con-
sequently, the fiber can be recycled >30 times and can be
stored for at least one month without compromising its
integrity. To determine the ability of the fiber to detect Hg(II)
in relatively complex media, water samples from the Xiang
River (China) were spiked with 2 — 10 4uM Hg(II). In all
cases, fluorescence quenching was observed. This experiment
points to potential utility of the fiber in real-life applications,
but the relatively low Hg(Il) affinity will be a limitation for
detecting pM and nM variations in Hg(II) concentrations in
natural waters.

10.3. Micelles

Triton X-100, 129, micelles containing pyrene and thio-
ether-rich macrocyclic chelates functionalized with alkyl
chains, 130-131, give turn-off or turn-on detection for Hg(II)
in water depending on the length of the alkyl chain and
solution pH.?**> The dodecyl macrocycle 131 (Figure 44) is
lipophilic and resides inside of the Triton X-100 micelle. At
pH < 4, its nitrogen atom is protonated and does not quench
emission from the pyrene moieties that also reside in the
micelle. Addition of Hg(II) to the micelles that contain 131
and pyrene causes fluorescence quenching. The turn-off
effect is attributed to formation of a 131:Hg(II) complex,
which remains in the micelle because of the hydrophobic
alkyl chain and quenches pyrene emission. When 130, a
macrocycle functionalized with a shorter alkyl chain, is
employed, turn-on Hg(II) detection can be achieved (pH >
7). Under these conditions, the macrocycle is not protonated
and it quenches pyrene emission in the absence of Hg(II).
Introduction of Hg(Il) causes formation of the 130:Hg(Il)
complex, which is sufficiently hydrophilic to leave the
micelle. Pyrene emission is thereby restored. This work
provides a proof of concept that micelles can be employed
to encapsulate components of an Hg(II) sensing system. It
would have been preferable, however, for the system to be
covalently linked rather than having so many individual
components.

10.4. Nanoparticles

Interest in using nanoparticles for Hg(II) detection is
growing. They offer strong emission and stability to photo-
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bleaching, and they can be functionalized with solubilizing
groups and/or chelates to afford water compatibility and
increased Hg(II) specificity.®***2%° Several types of nano-
particles have been employed for Hg(II) detection to date
and include CdTe and InP nanocrystals,'*!'*? gold nano-
particles,'®* and gold nanorods.'®”

CdTe nanocrystals stabilized with mercaptopropionic acid
(MPA) having a particle diameter of 3.0 & 0.2 nm show
~68% fluorescence quenching following addition of Hg(I)
in aqueous solution at pH 7.4 (lem ~540 nm).191 The
nanocrystals provide a linear response to Hg(II) at concentra-
tions below ~130 nM and a lower detection limit of 0.5
nM. The carboxyl groups of the MPA moieties may
coordinate Hg(II). The Hg(Il)-induced turn-off was attributed
to electron transfer from MPA to Hg(II) or to Hg(I)-induced
nonradiative decay of the nanocrystal, but more work is
required to support either possibility. The response of the
CdTe nanocrystals shows good selectivity for Hg(II). Only
<8% fluorescence quenching is observed following introduc-
tion of Na(I), K(I), Ba(Il), Ca(Il), Mn(II), Fe(IIl), Zn(Il),
Cd(II), Pb(II), or Al(IIT) (47 nM) and ~30% turn-off occurs
with Cu(Il) addition.

In subsequent work, fluorescence enhancement was ob-
served following addition of Hg(Il) to InP nanocrystals
capped with mercaptoacetic acid (MAA)."”*> These nano-
crystals have a median diameter of 8 nm, emit in the near-
infrared region with two local maxima centered at 750 and
826 nm, and exhibit ~2-fold fluorescence turn-on with Hg(II)
addition. The Hg(II)-induced fluorescence response is linear
from 0.5 to 8 uM and a detection limit of 0.1 uM was
reported. As suggested for the CdTe nanocrystals described
above, Hg(II) may coordinate to the mercaptoacetic acid
moieties on the nanocrystal surface. But the Hg(II)-induced
fluorescence enhancement is attributed to the formation of
HgS particles on the nanoparticle surface, which are elec-
tron-hole recombination centers and can eliminate nonra-
diative decay of the excited InP electrons. No experimental
evidence was provided to support this notion, however. Like
the CdTe nanocrystals, emission from the InP/MAA system
is apparently insensitive to most other metal ions; some
fluorescence enhancement occurs from Cu(Il) and Ag(I).

Gold nanorods have been employed to detect dissolved
mercury by optical absorption spectroscopy.'®* The nanorods
have an average aspect ratio of 1.6 and, in water, exhibit
absorption bands at 520 and 612 nm attributed to the
transversal and longitudinal modes, respectively. In the
presence of sodium borohydride (NaBH,4), which reduces all
dissolved Hg(II) to Hg(0), amalgamation between Hg(0) and
gold occurs. Amalgamation induces changes in the optical
absorption spectrum of the nanorods. The absorption peak
resulting from the longitudinal mode, which is centered at
599 nm in the presence of NaBHy4, undergoes a blue-shift
that directly correlates to Hg(I) concentration at low, ~107M1
M, levels. At higher concentrations (~10~* M), only one
absorption band centered at 530 nm is observed, consistent
with conversion of the nanorods to nanospheres. The
nanorods respond to Hg(0) in less than 10 min and ppt levels
of Hg(0) can be monitored.

More recently, 13-nm diameter gold nanoparticles (AuNPs)
functionalized with rhodamine B (RB) chromophores have
been utilized for turn-on Hg(Il) detection in aqueous me-
dia."”* Emission from the RB-AuNPs is weak (Aex = 510
nm, Aem = 575 nm) because AuNPs quench organic chro-
mophores effectively by both energy- and electron-transfer
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processes. Addition of Hg(Il) to the AuNPs causes ~400-
fold fluorescence enhancement, which results from Hg(II)-
induced release of the rhodamine chromophores from the
AuNP surfaces. When the AuNPs are only functionalized
with RB, fluorescence turn-on also occurs for many other
metal ions including Mn(Il), Fe(I), Cr(Ill), Cd(Il), and
Pb(II). Additional functionalization of the AuNPs with
thiophilic chelates, including MPA, helps promote Hg(II)
selectivity. When the AuNP surfaces are ~20% covered by
a thiophilic chelate, they exhibit reduced sensitivity to Mn(II),
Fe(IT) and Cr(Ill) and remain responsive to Hg(I), Pb(Il),
and Cd(II). Introduction of pyridine-2,6-dicarboxylic acid
(PDCA) to solutions of RB-AuNP-MPA provides a Hg(II)-
selective response. The RB-AuNP-MPA detectors provide
a linear response to Hg(Il) from 15 to 250 nM and have a
lower detection limit of 10 nM (2 ppb). The RB-AuNP-MPA
constructs were used to determine the concentration of Hg(II)
in spikes samples of pond water and in batteries. In instances,
90-95% correlation was found with the data from fluores-
cence and ICPMS.

Lastly, DNA-functionalized AuNPs (DNA-AuNPs) have
been employed for colorimetric Hg(Il) detection.'®> Indi-
vidual DNA-AuNPs with complementary sequences form
DNA-linked aggregates when combined in aqueous solu-
tion.”"” The aggregates have sharp melting temperatures (Ty,)
and they provide a color change from purple to red upon
dissociation. These features were utilized in the design of a
Hg(II) detection method that employs two DNA-AuNPs, with
thiolated DNA sequences 5'-HS-Cp-Ao-T-Ajo-3" and 5'-HS-
Ci0-T1o-T-T1o-3', that exhibit a T-T mismatch. Because (i)
Ty values are sensitive to base-pair mismatches and decrease
relative to the Ty, values of perfectly complementary stands,
(i) Hg(I) has a high affinity for T-T mispairs, and (iii)
addition of Hg(II) to a DNA duplex containing T-T mispairs
results in stabilization of the duplex, Hg(II) addition to the
DNA-AuNP aggregates harboring a T-T mismatch causes
an increase in the T, that is linearly dependent on the
concentration of Hg(II). It increases ~5 °C per 1 uM Hg(II).
As a result, a purple-to-red color change occurs, resulting
from deaggregation of the DNA-AuNPs, at a particular
Hg(II)-dependent temperature. The response is selective for
Hg(I) because K(I), Ca(Il), Mg(II), Ba(Il), Mn(II), Fe(II),
Fe(III), Co(Il), Ni(II), Cu(Il), Zn(II), and Cd(II) have no
effect on the T, value. Addition of Pb(I) to the DNA-AuNP
aggregates causes a negligible increase in the Ty, of ~0.8
°C. The detection limit for Hg(Il) is 100 nM.

11. Perspectives

Remarkable progress in the design, synthesis and charac-
terization of Hg(II)-responsive probes has occurred over the
past several years. Dozens of new small-molecule fluorescent
and colorimetric Hg(II) detectors, in addition to probes based
on biomolecules and materials, have been published that
exhibit a range of characteristics. Through both rational
design and serendipity, a number of these probes exhibit
features amenable for practical applications and a few have
been tested in real-world samples. Nevertheless, from the
standpoint of Hg(II) sensor design, many avenues require
further elaboration. In particular, ratiometric Hg(I) detection
in water lags behind other small-molecule approaches and
warrants further investigation and novel design strategies.
Mechanistic and theoretical studies aimed at providing
detailed explanations of how individual sensors provide
optical feedback are often lacking. The results of such
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investigations will help guide the design of future generations
of probes with improved characteristics. Arguably none of
the reported Hg(II) sensors have been rigorously tested in
the environmental and biological realms. Doing so, and hence
achieving the ultimate goal of providing effective tools for
application-based work, requires substantial effort and cross-
disciplinary interactions.

Many issues regarding mercury speciation and detection
exist. With few exceptions, the detectors reported thus far
respond to Hg(II). This analyte is important for water quality
analysis and studies of Hg(II) toxicity, and it also provides
the indirect detection of mercury derivatives, including
organomercurials, in fish tissue following digestion and
extraction. As a result, the monitoring of Hg(0) has been
overlooked although it also deserves attention. Hg(0)-specific
sensors will be beneficial for monitoring fluctuations in Hg(0)
emissions from smokestacks and from natural disasters. The
former application would be useful in preventing uninten-
tional anthropogenic release. Methylmercury is of particular
concern because of its ability to bioaccumulate and its potent
neurotoxicity. With the exception of several chromatographic
methods described in Section 3, little effort has been made
to design optical probes for this mercury derivative. One
reason for this dearth is clear — handling methylmercury is
perilous to the investigator — and the necessity of direct
methylmercury detection is also subject to debate. Procedures
for its extraction from tissue and conversion to Hg(I) exist,
which facilitate its indirect detection with Hg(II)-sensitive
probes. Direction detection of methylmercury would be
worthwhile for in vivo toxicology studies and cellular/tissue
imaging, but the evaluation of putative methylmercury-
sensitive probes poses significant and serious safety risks
that must be weighed before embarking on any work in this
area. Two recent studies addressing the nature of methyl-
mercury in fish point to the existence of a methylmercury
cysteine complex.??? Toxicology studies have shown that
methylmercury passes through the blood-brain barrier as a
complex with L-cysteine.*® These observations suggest that
probes capable of detecting and differentiating various
CH3;HgX species would be necessary, which adds an
additional layer of complexity.

Some of the mercury detectors described above, in addition
to sensors in the immediate and distant pipeline, will provide
the scientific community with a versatile toolkit for monitor-
ing this metal ion in a wide variety of contexts. The
fundamental chemistry may also provide new frameworks
for addressing related problems, such as the design of new
drugs for the treatment of accidental mercury overexposure
and environmental remediation. We intend for this review
to provide a comprehensive account of progress in mercury
ion detection through mid-2007 and to be a major reference
for future work. We look forward to seeing the results of
such forthcoming endeavors and their translation into devices
for practical applications.

12. Addendum

New approaches based on small molecules, biomolecules,
and nanparticles for detecting Hg(II) have been reported since
mid-2007. In this section, we provide a brief account of some
recent developments through February of 2008.

Chemical Reviews, 2008, Vol. 108, No. 9 3475

12.1. Small Molecules

A variety of new Hg(II)-responsive probes that utilize
fluorescence detection have been described (Figure 45). The
anthracene-derivatized dioxocyclam 132 provides turn-off
detection of Hg(IT) and Cu(II) in 95:5 MeCN/H,O (acetate
buffer, pH 4.8; Aem = 428 nm).208 Depending on the
protonation state, thioether-containing macrocycles 133 and
134 exhibit enhancement or quenching of anthracene emis-
sion following addition of Hg(I) in dichloromethane.’*’
Because of the low water solubility of 133:Hg(II), 133 was
successfully employed in Hg(Il) extraction experiments in
which an aqueous solution of Hg(II) at pH 8 was vortexed
with a solution of 133 in dichloromethane. Anthracene was
also employed as the reporting group in cholic acid—based
Hg(Il) sensors 135 and 136, both of which contain two
dithiocarbamate ligands.?'® In 1:1 MeCN/H,0, 135 and 136
respectively provide 6.6- and 4-fold fluorescence enhance-
ment following Hg(II) addition, bind Hg(Il) with 1:1
stoichiometry, and exhibit K, values for Hg(II) of 190 and
649 nM. Sensor 135 also responds to methylmercury, with
~2-fold fluorescence enhancement in 1:1 MeCN/H,O.
Chemodosimeter 137 displays 73-fold fluorescence enhance-
ment following Hg(II)-induced oxadiazole formation in 2:8
MeCN/H,0 at pH 7.4.%'! Bisnaphthyl azadiene 138 provides
fluorescence turn-on when in the presence of >0.5 equiv
Hg(II) in acetonitrile.*'?

Compounds 139-142 (Figure 45) are rhodamine deriva-
tives that provide optical and fluorescence turn-on following
addition of Hg(II), which results from opening of the
spirolactam ring.>'*~2!> In MeCN, 139 exhibits ~600-fold
fluorescence enhancement following addition of 5 equiv of
Hg(Il); however, its selectivity for Hg(Il) is poor because
Fe(II), Fe(I1I), and Pb(II) each provide a response similar in
magnitude to that of Hg(II).>'* The Hg(II) selectivity of 140
is also relatively low because Pb(Il), Zn(II) and Cd(II) also
generate substantial fluorescence enhancement.*'* In contrast,
141 provides essentially Hg(II)-selective turn-on (> 100-fold,
MeCN; K; ~ 3.1 ;4M).214 Sensor 142 contains rhodamine,
hydroxyquinoline, and ferrocene moieties, and it provides
colorimetric, fluorescent, and electrochemical Hg(II) detec-
tion.?!> In 1:1 EtOH/H,O (HEPES buffer, pH 7.2), 142
exhibits ~105-fold fluorescence enhancement following
addition of 15 equiv of Hg(II). The fluorescence enhancement
is reversible following addition of KI and the affinity of 142
for Hg(I) is 270 uM. Because 142 responds to Hg(Il)
relatively rapidly (# < 2 min) and is soluble in 98% PBS (5
uM), its ability to detect Hg(II) in live Caov-3 cells was
investigated. Greater fluorescence was observed in cells
pretreated with Hg(NO3), (10 M, 2.5 h) compared to Hg(I)-
free cells.

Rhodamine was also used as the reporting group in a
FRET-based Hg(I) detector.?'® In 143, a tris(2-amino-
ethyl)amine moiety links two pyrene-appended calix[4]arenes
and a ring-closed rhodamine fluorophore (Figure 45). Be-
cause the pyrene eximer and rhodamine exhibit spectral
overlap in the ~450 — 600 nm range, they constitute a
potential FRET pair with a pyrene donor and rhodamine
acceptor. In MeCN and in the absence of Hg(Il), excitation
of the pyrene chromophore (Aex = 343 nm) results in
emission from the both the pyrene monomer and eximer at
<400 and ~475 nm, respectively. No rhodamine emission
is observed because of the spirolactam ring. Addition of
Hg(II) causes opening of the spirolactam ring and hence an
increase in rhodamine absorption and emission. When
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Figure 45. Some recently reported small-molecule fluorescent Hg(II) detectors.

solutions of 143 and Hg(Il) are excited at 343 nm, some
emission enhancement centered at ~575 nm occurs. This
increase is attributed to energy transfer from the pyrene
eximer to the ground-state of the ring-opened rhodamine.
Although use of FRET for small-molecule Hg(II) detection
is novel and this study illustrates proof of principle, it is
very questionable whether this design provides any benefit
over direct monitoring of the turn-on change in rhodamine
emission that results from Hg(II) addition.

Modification of MF1 (84, Figure 20) by introduction
of an ortho-methyl moiety onto the phenyl group provides
Hg(II) sensor MG1 (144, Figure 45).>'7 At neutral pH,
MG1 (®Pgee = 0.02) provides ~44-fold fluorescence en-

hancement, ®y, being 0.72. Both the ®f.. and Py, values
of MG1 are significantly greater than those of MF1 (@ <
0.001; ®yg = 0.16). Although the dynamic range of MGl
is smaller than that of parent MFI, it exhibits superior
detection of low Hg(Il) concentrations. When MG1 encoun-
ters 2 ppb Hg(I), 72 + 10% turn-on occurs. This probe can
be used to quantify Hg(II) in digested samples of fish muscle
and to detect exogenous Hg(II) in HEK cells by fluorescence
microscopy.

Lastly, we describe a recent report of several benzoyl-
thiourea derivatives that contain azo moieties and are
colorimetric and ratiometric dosimeters for Hg(Il) (145-147,
Figure 46).>'® Addition of Hg(Il) to 145-147 results in
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desulfurization and subsequent cyclization. For instance, in
4:1 DMSO/H,0, 145 exhibits maximum absorption at 486
nm (¢ = 3.3 x 10* M~ 'em™"). Addition of Hg(I) causes a
decrease in 486 nm absorption and a concomitant absorption
increase at 406 nm (¢ = 2.7 x 10* M 'em™") with an
isosbestic point at 433 nm. As a result, the solution color
changes from pink to yellow, which is visible by-eye with a
1 uM solution of 145. The color change is specific for Hg(Il)
and occurs in the presence of other metal ions. The
colorimetric response is insensitive in the 4 to 9 pH range
(4:1 DMSO/H,0).

12.2. Biomolecules

An allosteric DNAzyme that provides fluorescence turn-
on following Hg(I)-induced cleavage was reported.?'” The
probe is based on a previously described DNAzyme, isolated
by in vitro selection, that requires uranium (UO,*") for
activity.??° Several base pair substitutions and additions are
incorporated into the uranium-specific DNAzyme, allowing
the introduction of one to six T-T mismatches, such that
addition of Hg(IT) causes the DNAzyme to fold into its active
conformation. Gel-based studies indicate that Hg(I) pro-
motes strand cleavage within one min and the amount of
cleavage correlates with the number of T-T mismatches.
When UO,*" is added to solutions of the DNAzymes and
Hg(II), the rate of cleavage increases with increasing T-T
mismatches, but the opposite behavior occurs when Hg(II)
is introduced to solutions containing the DNAzyme and
UO,>". To obtain a fluorescent signal, a fluorescein moiety
and two quenchers were attached to a DNAzyme containing
five T-T mismatches. In the absence of Hg(II), a mixture of
the DNAzyme and UO,*" emits only weakly. Addition of
Hg(I) to this mixture causes the DNAzyme to adopt its
active conformation. Subsequent coordination of Uo,>"
promotes strand cleavage and release of the fluorescein-
labeled fragment. An ~50-fold increase in fluorescein
emission results when the DNAzyme encounters 500 nM
Hg(II). Hill plot analysis indicates that coordination of two
Hg(I) ions is sufficient to promote strand cleavage. The
probe is highly selective for Hg(Il) and it has a low Hg(II)
detection limit of 2.4 nM. Because of its water-compatability,
favorable response time, and sub-ppb Hg(II) selectivity, this
method may be useful for analyzing environmental samples.
But one hurdle will be to convince regulatory agencies and
the public that the use of UO,*" is acceptable from a health
perspective.
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12.3. Materials

Several new nanoparticle-based approaches to Hg(Il)
detection were reported in mid-to-late 2007. L-Carnitine-
capped CdSe/ZnS quantum dots (Aem ~ 560 nm) exhibit
fluorescence quenching following Hg(II) addition in EtOH
with a detection limit of 180 nM.*?! Solutions of gold
nanoparticles functionalized with 11-mercaptoundecanoic
acid (11-MUA-AuNPs) exhibit aggregation, which results
in fluorescence quenching, following of addition of Hg(II)
(borate buffer, pH 9.2).%? Pb(I) and Cd(II) also quench
emission from the 11-MUA-AuNPs, but this behavior can
be overcome by addition of PDCA. When PDCA is added
to aqueous solutions of 11-MUA-AuNPs, Hg(II)-specific
quenching occurs and 5 nM (1 ppb) Hg(I) can be detected.
The Hg(Il) content in a pond water sample was measured
with PDCA/11-MUA-AuNPs and compared to the amount
determined by ICPMS. The two methods agree to better than
90%, with Hg(Il) concentrations of 3.49 and 3.2 ppb,
respectively. Lastly, a combination of gold nanoparticles
derivatized with MPA, homocystine, rhodamine B, and the
PDCA chelator provides a turn-on fluorescence Hg(II)
sensing method that was fabricated into a small device that
employs a battery-powered laser pointer as the excitation
source.’?®> The device was used to quantify Hg(II) content
in samples of soil, water, and fish from the Mississippi River.
This system provides Hg(Il) detection at the 2 ppt level.

13. List of Abbreviations

AA atomic absorption

AcOH acetic acid

AuNP gold nanoparticle

BODIPY boron dipyrromethene

BPBA bis(pyrrol-2-ylmethyleneamine)

BSA bovine serum albumin

CdTe cadmium telluride

CP conjugated polymer

CT charge transfer

D Dabcyl quencher

DMABTS p-dimethylaminobenzaldehyde thiosemicarbazone

DOS bis-(2-ethylhexyl)sebacate

DSPC distearylphosphatidylcholine

DTPP 5-p-[4-(10',15",20'-triphenyl-5'-porphinato)phenyl-
oxyl-1-butyloxyl]-phenyl-10,15,20-triphenylpor-
phiene

DTT dithiothreitol

ECs the concentration of Hg(II) required for 50% of
the total fluorescence change for a given probe
concentration

EDTA ethylenediaminetetraacetic acid

ET electron transfer

F fluorescein

FRET fluorescence resonance energy transfer

GI gastrointestinal tract

HEK human embryonic kidney

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

HPLC high performance liquid chromatography

ICPMS inductively coupled plasma mass spectrometry

ICT internal charge transfer

InP indium phosphorous

IR infrared

Ky dissociation constant

MAA mercaptoacetic acid

MABT N-methyl-N-9-(methylanthracene)-N'-benzoylthio-
urea
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MICT metal-induced charge transfer

MPA mercaptopropionic acid

MSO mercury-sensitive oligonucleotide

NaBH,4 sodium borohydride

NaOAc sodium acetate

NBO nitrobenzoxadiazolyl

ng nanogram

NIR near infrared

NMR nuclear magnetic resonance

ODN oligodeoxyribonucleotide

PBS phosphate-buffered saline

PCT photoinduced charge transfer

PDCA pyridine-2,6-dicarboxylic acid

PET photoinduced electron transfer

PIPES piperazine-1,4-bis(2-ethanesulfonic acid)

PPETE poly[p-phenyleneethylene)-alt-(thienyleneethy-
nylene)

PMNT poly(3-(3'-N,N,N-triethylamino-1'-propyloxy)-4-
methyl-2,5-thiophenehydrochloride)

ppm parts per million

ppb parts per billion

ppt parts per trillion

PTCPB potassium tetrakis(4-chlorophenyl)borate

pPvC polyvinylchloride

RB rhodamine B

TBAF tetrabutylammonium fluoride

TiO, titanium oxide

Tm melting temperature

tmeda N,N,N'-trimethylethylenediamino

TPP tetraphenylporphyrin
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