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Abstract
Oxidative stress is a common feature shared by many diseases, including neurodegenerative
diseases. Factors that contribute to cellular oxidative stress include elevated levels of reactive
oxygen species, diminished availability of detoxifying thiols, and the misregulation of metal ions
(both redox-active iron and copper as well as non-redox active calcium and zinc). Deciphering
how each of these components interacts to contribute to oxidative stress presents an interesting
challenge. Fluorescent sensors can be powerful tools for detecting specific analytes within a
complicated cellular environment. Reviewed here are several classes of small molecule
fluorescent sensors designed to detect several molecular participants of oxidative stress. We focus
our review on describing the design, function and application of probes to detect metal cations,
reactive oxygen species, and intracellular thiol-containing compounds. In addition, we highlight
the intricacies and complications that are often faced in sensor design and implementation.
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1. Components of oxidative stress and their implication in
neurodegenerative disease

Neurodegenerative diseases have multifactorial causes and various pathological
characteristics, but a common feature shared by many of these diseases is an elevation of
oxidative stress [1-4]. Oxidative stress results from an imbalance in a cell’s production and
detoxification of reactive oxygen species (ROS), a catch-all term that encompasses a diverse
range of species, including superoxide radical (O2

•−), hydrogen peroxide (H2O2), and
hydroxyl radical (OH•), among others [2,5,6]. In addition to antioxidant enzymes like
catalase, superoxide dismutase, and glutathione peroxidase, intracellular thiols like
glutathione (GSH) help to maintain a healthy redox balance by scavenging superfluous
oxidant species. Alterations in GSH concentration and antioxidant enzymes are markers for
diseased systems where the cellular equilibrium favors an oxidative environment [7,8].
Under these conditions, levels of ROS are elevated and can produce irreparable cellular
damage by degrading lipids, proteins, and nucleic acids [9,10].

The hydroxyl radical is the most reactive and damaging ROS, and its propagation is
exacerbated by redox-active metal ions. Iron and copper notably undergo Fenton reactivity
wherein reduced Cu+ or Fe2+ reacts with H2O2 to produce OH• and OH− and the
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corresponding oxidized metal center, either Cu2+ or Fe3+ [11]. Other variations of the classic
Fenton reaction are also possible, although a key point is that redox cycling of the metal is
requisite for catalytic production of damaging radicals and exacerbation of oxidative stress
[11].

Metal ions that do not redox cycle, however, are also linked to oxidative stress. Zinc
deficiency, for example, has been recognized for many years to cause an elevation in ROS
[12]. Zinc is therefore sometimes referred to as an antioxidant, although its antioxidant
properties cannot be the result of direct electron exchange between redox-inactive Zn2+ ions
and oxidant species, but are rather mediated via indirect pathways. While zinc deficiency
can be toxic, excessive cellular zinc, which may be released in response to oxidative stress,
can also be toxic [13]. Similarly to Zn2+, Ca2+ does not directly interact with oxidants, yet
fluxes in cellular Ca2+ concentrations appear to be regulated by oxidative stress via complex
pathways in which Ca2+ networks and ROS networks may mutually influence each other
[14,15]. Organisms therefore maintain highly coordinated and regulated pathways for
acquiring, distributing, and recycling both redox-active and redox-inactive metal ions in
order to maintain requisite metal levels for function without causing damage. Defects and
breakdowns in metal homeostasis and trafficking are increasingly being linked to
neurodegenerative diseases [16-26].

How all of these various components, ROS, thiols, and metal ions, interact and contribute to
oxidative stress is a current area of intense research. Fluorescence imaging is one tool that
enables interrogation of the connections and implications arising from the misregulation of
each of these factors, provided that the limitations of the probes are taken into account
[27,28]. This review article provides an overview of small molecule fluorescent sensors
designed to detect factors associated with oxidative stress and neurodegenerative disease, in
particular metal ions, ROS, and intracellular thiols, as well as advanced multifunctional
sensors that respond to multiple stimuli.

2. Introduction of small molecule fluorescent sensors
Fluorescence detection is a highly sensitive analytical tool and an obvious choice for
visualizing cellular function through the use of fluorescent small molecules engineered to
respond specifically to a cellular event or analyte. Upon excitation, a fluorescent molecule or
sensor emits a bright signal that is measured against a dark background. This response
allows for easy visualization of the molecule within cell culture or tissue samples even at
low concentrations. High sensitivity is a key requirement for studying cellular environments
where the concentration of a particular analyte may be in the low nanomolar or picomolar
range. In addition, most fluorescence imaging techniques display precise spatial and
temporal resolution, as demonstrated by the fact that confocal and widefield microscopy can
resolve cellular organelles as small as one micrometer and acquire images on the
millisecond timescale [29].

Numerous small molecule fluorescent sensors have been designed for a variety of purposes,
including labeling of cellular organelles and membranes, indication of pH, assessment of
cell viability, and detection of metal cations and small molecules. In some examples, a
fluorophore is modified with a recognition component that enables the dye to localize and
therefore image a specific area of the cell [30]. In other designs, the sensor’s recognition site
explicitly reacts with an intracellular small molecule, as with the pH and metal indicators, to
elicit a change in its fluorescence emission [30]. It is the latter of these two examples that
will be the focus of this review.
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3. Requirements for an effective fluorescent sensor
In order to successfully utilize small molecules as fluorescent sensors for cellular processes,
several criteria must be considered. In general, they should be water soluble, cell-permeable
and non-toxic. In some cases, cell-permeability can be achieved by esterifying a functional
group (e.g. carboxylate) to eliminate any charged species. The neutral molecule is more
likely to pass through the cellular membrane where internal esterases transform the sensor to
its charged form usually trapping it inside the cell. Ideally, the subcellular localization of the
probe should be understood.

In addition, the sensor should be specific for the analyte of interest in order to limit off-
target effects. In the case of metal ion sensors, selectivity implies that the sensor binds to
one metal over a host of others commonly found in a cellular system. To ensure the binding
is specific, the ligand denticity and geometry, the hardness or softness of the donor atoms,
and the size of the metal ion must be considered. In addition, the chelating ligand should
possess a dissociation constant (Kd) that is within the same order of magnitude as the
concentration of the metal ion of interest within a particular cellular location. A chelator
with a binding affinity that is too strong for a given area may disrupt the metal cation’s
intracellular equilibrium by removing it from storage proteins or essential enzymes.
Likewise, a chelator with a weak binding affinity might not chelate any of the available
metal cation. In both scenarios, the sensor would provide a false report on the intracellular
metal concentration.

In the case of ROS sensors, specificity implies that the probe gives a unique response to
specific species of ROS. This is a difficult challenge that is not often met by most probes.
Rather, it is important to know what species may react with the probe in different conditions,
what the relative rates are of those reactions, whether the reactions are catalyzed, and how
the products of those reactions might influence the fluorescent response [6,27,28].

Cells exhibit some natural fluorescence or autofluorescence from several highly conjugated
intrinsic molecules, making it difficult to distinguish weak fluorescence intensities from the
background. To overcome this obstacle, dyes should be used that contain high extinction
coefficients and quantum yields and excitation and emission wavelengths in the visible
range. By definition, compounds with large extinction coefficients strongly absorb light at a
given wavelength. If the same molecule has a large quantum yield, it can efficiently convert
these absorbed photons into emitted photons; therefore, the closer a molecule’s quantum
yield is to unity, the brighter its emission [31]. Autofluorescence is more pronounced when
UV-light is used for excitation because several cellular components absorb in this range
[31]; therefore, fluorophores with visible-light excitation and emission wavelengths are
preferred. Additionally, the photostability of the fluorophore to constant illumination must
be considered to avoid photobleaching effects.

In general, sensors that exhibit an increased emission signal (“turn-on” effect) or a shift in
their excitation or emission profile (ratiometric response) are better suited for use as
intracellular probes than sensors that undergo emission quenching (“turn-off”). Not only is it
harder to quantitatively measure a diminished fluorescence signal, but probes that exhibit a
turn-on or ratiometric response to an analyte allow for high spatial resolution. Ratiometric
sensors are particularly useful for calculating the concentration of an analyte by finding the
ratio of the sensor’s fluorescent signal before and after reaction. Because the ratio of the
intensities at two wavelengths is measured, any background interference is normalized and
errors due to photobleaching or variation in probe concentration are minimized.
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Most sensors described throughout the literature do not fulfill all of the criteria described
above, which highlights the difficulty encountered with developing optimal probes and
points to the ongoing need to prepare probes with improved properties.

4. Fluorescent sensors for metal cations
4.1. Fluorescent calcium sensors

The first fluorescent metal ion sensors were developed in the 1980s for the purpose of
studying intracellular calcium [32]. The availability of these probes is credited as a major
technological advance that enabled an explosion in understanding calcium signals [14].
Intracellular calcium concentrations are tightly regulated at low levels, but fluxes of Ca2+

ions through various channels, pumps and exchangers from the extracellular environment or
from intracellular stores are responsible for controlling a host of physiological processes.
Not only are disturbances in Ca2+ signaling linked to neurodegenerative diseases [26], but
the channels, pumps and exchangers that control Ca2+ fluctuations are highly susceptible to
oxidative stress [14].

Many of the basic principles for developing all kinds of metal sensors derive from the
foundational calcium sensor molecules, which were designed by tagging a fluorophore onto
the backbone of a metal chelator in order to elicit a metal-dependent fluorescence response.
The chelating backbone of most calcium sensors resembles BAPTA (1,2-bis(o-
aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid), Fig. 1. The BAPTA-chelating moiety
includes two aromatic groups, which lower the nitrogen pKas to 5–6 rendering the probe
insensitive to physiological pH while maintaining the size and selectivity of the binding site
[32]. Additionally, the calcium binding affinity of BAPTA can be tuned by incorporating
electronwithdrawing or donating groups onto the aromatic rings. To date, calcium probes
have affinities ranging from low μM to high pM, allowing for calcium detection in a variety
of intracellular systems [33]. The aromatic rings provide an easy handle for the addition of
various fluorescent molecules onto the BAPTA backbone, which leads to fluorescent
sensors with excitation and emission wavelengths that span the UV and visible spectrum.
Calcium sensors have become widely used for visualizing calcium signaling and studying its
role in cellular processes. Notable here are examples where calcium indicators detect
transient increases in intracellular Ca2+ in response to an oxidative stress insult, as has been
observed in astrocytes exposed to the amyloid beta peptide [14,34].

4.1.1. Ca2+ sensors excited with UV light—Fura-2 and Indo-1 (Fig. 2) were originally
developed by Tsien and coworkers and are now commercially available ratiometric calcium
sensors that are excitable with UV light [35]. Both probes utilize the BAPTA chelator
backbone but contain fluorescent moieties that respond differently to UV excitation. The
binding of Ca2+ to Fura-2, which occurs with a 145 nM (Kd) affinity, induces a shift in the
maximum absorbance wavelength from 360 nm to 330 nm while the emission wavelength
remains constant at 510 nm but with a 30-fold increase in intensity [31,35]. By taking the
ratio of Fura-2s emission intensities after excitation at the optimum wavelengths for the free
and bound forms, the concentration of free Ca2+ in solution can be calculated [35,36].

In contrast, Indo-1 binds calcium with a weaker affinity of 230 nM and shows a calcium-
induced emission wavelength shift from 482 nm to 398 nm rather than a shift in the
excitation wavelength. Like Fura-2, Indo-1 shows an equally impressive fluorescence
calcium dependent turn-on response. Due to the shift in the emission maximum upon metal
complexation, Indo-1 is more useful for flow cytometry experiments where a single laser is
used for excitation and two emission wavelengths can be monitored [37]. Indo-1 is also
useful for determining intracellular Ca2+ concentrations with laser scanning microscopy
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[38]. A disadvantage of Fura-2 and Indo-1 is their required UV light excitation, which
causes damage to cell culture samples and cellular autofluorescence.

4.1.2. Ca2+ sensors excited with visible light—Fluo-3 and Calcium Green-1 (Fig. 3)
are two examples of calcium sensors with excitation and emission wavelengths in the visible
range that overcome the problems with UV excitations required by earlier designs [39,40].
Fluo-3 has a 325 nM affinity for Ca2+, and Calcium Green-1 has a slightly higher affinity of
190 nM [33]. Both sensors utilize fluorescein as the fluorescent tag with excitation and
emission wavelengths near 505 nm and 530 nm, respectively, with 40-fold (Fluo-3) and 100-
fold (Calcium Green-1) increases in emission intensity upon Ca2+ binding [31,39].
However, ratiometric measurements cannot be used with either probe because calcium
binding does not shift their emission or excitation wavelengths. These sensors, unlike their
UV lightexcitable counterparts, can be utilized in confocal laser-scanning microscopy, laser-
based flow cytometry, two-photon excitation microscopy, and total internal reflection
microscopy. In addition, recent advances have led to the in vivo use of calcium probes to
further elucidate the function of calcium signaling. For example, two-photon laser scanning
microscopy now allows for longer wavelength calcium probes, such as Calcium Green-1, to
be imaged with high-resolution within living mammalian brains [41,42].

4.1.3. Intricacies and complications: metal selectivity—While the carboxylate-rich
BAPTA framework provides an excellent receptor for Ca2+, it does not provide an exclusive
binding site, and other oxophilic ions can indeed coordinate to these molecules. Particularly
problematic is Zn2+, which actually binds more avidly than Ca2+ to most calcium sensors
and also induces a turn-on fluorescence response, making it difficult to discriminate these
two metal ions by this method alone [43-45]. Dynamic fluxes of both Ca2+ and Zn2+ are
implicated in neurological signaling and in neurodegenerative disease, so differentially
visualizing both ions is becoming increasingly desirable [45]. The advent of zinc probes that
are built on frameworks having little affinity for Ca2+ (see below) now provides options for
cross-validating a particular response as calcium or zinc dependent. In any case, the cross-
reactivity of Ca2+ and Zn2+ in the carboxylate-based probes provides a cautionary reminder
about the limitations of a “metal-specific” probe and highlights the importance of having
multiple agents with varying properties and metal preferences.

4.2. Fluorescent zinc sensors
As the second most abundant transition metal in the body, zinc plays an extraordinary role in
many biological processes including brain function, gene transcription and immune
function, as well as in diseases such as Alzheimer’s, epilepsy and ischemic stroke [46-50].
The link between low zinc levels and oxidative stress may be mediated via several factors,
including decreased activity of important zinc-dependent enzymes like superoxide
dismutase, low expression of metallothionein, and decreased competition with redox active
metals like Cu and Fe, among other hypotheses [12]. However, many of the specifics about
zinc function are not fully understood. Fluorescent zinc sensors offer a way to track and
visualize zinc within living systems. Described below are a handful of sensors chosen as
representation of a substantial number of zinc sensors that have been introduced over the last
two decades. Numerous other examples have been extensively reviewed [51-55].

4.2.1. High affinity Zn2+ sensors—The Zinpyr and ZnAF families of compounds
represent two prominent classes of high affinity sensors used in applications where only
trace amounts of chelatable Zn2+ are expected. Both contain similar zinc-binding motifs and
exhibit a zinc-specific fluorescence turn-on response via a fluorescein moiety. In addition,
both utilize a photo-induced electron transfer (PET) mechanism to detect the zinc cations. In
each case, the apo-sensor’s fluorescence is quenched by an electron-rich receptor that
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donates its electron density to the fluorophore. The PET-induced quenching is interrupted by
metal-complexation and fluorescence is restored.

The basis for the Zinpyr family of sensors consists of a fluorescein core with two di-2-
picolylamine (DPA) metal-chelating moieties attached to the top of its xanthene ring.
Zinpyr-1 was the first member in the long list of compounds, several of which are shown in
Fig. 4. The cell-permeable Zinpyr-1 gives a modest 2.2-fold fluorescence increase upon a
tight 1:1 interaction with Zn2+, where the Kd was 0.7 nM [56]. To optimize the fluorescence
signal, subsequent analogs Zinpyr-3 and Zinpyr-4 were prepared that lowered the pKa
values of the tertiary amines in order to prohibit proton-interference of the PET and thereby
decrease the background signal of the Zn-free probes [57,58]. These initial members of the
Zinpyr family have been utilized in the investigation of Zn2+ release at hippocampal mossy
fiber synapses [59] and in the intracellular labeling of Zn2+ within damaged neurons [60].

Members of the ZnAF family of Zn2+ sensors also contain a DPA chelating unit attached to
a fluorescein molecule, with the main structural difference from Zinpyr being the placement
of DPA to the bottom aryl ring of fluorescein (Fig. 5) [61]. Although their fluorescence
enhancement exceeds those of the Zinpyr class, the final emission intensities of ZnAF-1 and
ZnAF-2 are lower. Fluorinating the xanthene rings to give ZnAF-1F and ZnAF-2F results in
probes with greater than 60-fold turn-on responses, making them easier to visualize in
cellular systems [61]. All derivatives of the ZnAF family have low nanomolar affinities for
zinc. Addition of acetyl esters to the fluorescein of each ZnAF species makes them
membrane-permeable. In this form, they have been used to image labile Zn2+ pools and
study the spatio-temporal dynamics of Zn2+ in acute rat hippocampal slices [61,62], as well
as to study the pH dependence of Zn2+ influx in erythroleukemia cells [63].

4.2.2. Moderate affinity Zn2+ sensors—As a prominent biological metal cation, zinc is
located in multiple areas of the body with varying concentrations ranging from low
nanomolar to millimolar. Because of this wide range of concentrations, Zn2+ sensors need to
have a similar range of binding affinities. Zn2+ sensors with moderate binding affinities are
useful for the study of areas with dynamic changes in Zn2+ concentrations, such as in firing
neurons, where a lower affinity probe would allow for easy reversibility of the Zn2+

complex formation. Two examples of such probes are FluoZin-1 and FluoZin-2 (Fig. 6),
which have zinc binding affinities of 7.8 and 2.1 μM, respectively [64]. The structure of
both probes employs a fluorescein derivative attached to a chelating component that is
equivalent in structure to half of BAPTA. FluoZin-1 expresses a 200-fold increase in
fluorescence emission when bound to zinc, but FluoZin-2 has a slightly weaker turn-on
effect showing only a 12-fold change. Although they display ideal characteristics, the
applications of these probes have been limited to the characterization of Zn2+-binding
proteins [65,66].

Other examples of moderate affinity zinc sensors include variations of the Zinpyr and ZnAF
families (Fig. 7). Substitution of the pyridine donor from DPA by a thioether or thiophene
donor produces members of the Zinspy family, which exhibit low micromolar Zn2+

affinities and 2–5-fold increases in fluorescence emission [67,68]. Likewise, the binding
affinity of ZnAF can be modulated by replacing DPA with ligands that vary the steric
demands, chelate ring size and number of donor atoms [69]. The ZnAF probes still maintain
a greater turn-on effect, near 200-fold, due to their extremely low quantum yields in the apo
form [69]. Members of each family have been utilized in different ways to monitor Zn2+

release in dentate gyrus neurons. Zinspy imaged Zn2+ release from native proteins triggered
by S-nitrosocysteine activation [67] whereas weaker and higher affinity ZnAF probes were
used simultaneously to monitor differences in Zn2+ released from hippocampal slices
induced by potassium neuronal depolarization [69].
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4.2.3. Ratiometric Zn2+ sensors—Although the high and moderate affinity Zn2+

sensors have found utility in the study of Zn2+ biology, they possess several disadvantages.
Like any intensity-based sensor, variations in the emission intensity, concentration and
compartmental localization of the sensor can cause analysis problems. To overcome these
challenges, ratiometric probes such as FuraZin and IndoZin were developed (Fig. 8). Both
display different excitation or emission wavelengths in the free or metal-bound form that can
be monitored simultaneously. This approach allows for an internal standard and aids in the
calculation of intracellular concentrations of Zn2+.

FuraZin and IndoZin are analogs of the Ca2+ sensors Fura-2 and Indo-1, and they display
shifts in their excitation or emission maxima upon Zn2+ recognition [64]. In their Zn2+

bound forms, FuraZin exhibits a shift in its maximum excitation wavelength while IndoZin
undergoes a shift in its maximum emission wavelength. In addition, they are structurally
similar to their predecessors but utilize half of a BAPTA chelating unit for Zn2+ specific
binding. Despite some success, such as demonstrating that zinc uptake into cellular vacuoles
is dependent on the induction of the Zrc-1 gene [70], FuraZin and IndoZin have the
disadvantage of requiring UV light for excitation.

4.2.4. Intricacies and complications: in vitro vs. in cells—The quinoline-based
fluorophores TSQ and zinquin (Fig. 9) are commonly used Zn2+ sensors long thought to
report on nanomolar concentrations of labile or readily chelatable Zn2+. However, recent
studies in multiple cell lines show that much of the cellular fluorescence from these agents
actually derives from ternary complexes of the agent bound to Zn2+ sites in proteins [71,72].
Interestingly, the fluorescence spectra of cell samples interrogated with these probes were
slightly shifted from those of the 2:1 bisligated zinc complexes characterized in vitro. This
subtle difference is not apparent by fluorescence microscopy, where both bis-ligated
complexes and probe-Zn-protein ternary complexes are visualized with the same microscope
filter sets. Rather than detecting only “chelatable” zinc in cells, these agents are therefore
also reporting on subsets of the zinc proteome where the zinc site is accessible to the small
molecule [71,72]. As with all probes, where, how, and in what form these agents “find” their
analyte are important factors for knowing how best to interpret the results. In most cases,
this kind of information remains incomplete, but constitutes an area for ongoing and future
investigation.

4.3. Fluorescent copper sensors
In recent years, a broad interest in fluorescent copper sensors has developed, thanks in part
to the success of calcium and zinc sensors. Copper is known to be an essential transition
metal for human life and as such it plays key roles as a redox cofactor within cytosolic,
mitochondrial and vesicular oxygen-processing enzymes [73]. Copper’s involvement in
these cellular processes usually stems from its redox or catalytic ability; however, this
property can also serve as a potential hazard to a biological system if copper storage and/or
transport is misregulated as has been linked to several diseases such as Alzheimer’s, Menkes
and Wilson’s diseases [1,18,22,25]. Because of this delicate balance, copper uptake,
transport and storage are tightly regulated within the cell. However, our knowledge of these
processes is lacking, as is our understanding of how misregulation of copper leads to
disease. Fluorescent copper-specific sensors could give insight into important copper
trafficking pathways and help reveal the factors implicated in copper-related diseases.

In designing a copper sensor, it needs to be selective for copper over other metals but also
needs to be selective for one of its redox states, Cu+ or Cu2+. This challenge is difficult,
which explains the limited number of effective Cu+/2+ sensors despite the exhaustive
amount of examples found throughout the literature. There are currently only a few
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examples of Cu+ specific turn-on sensors used to take intracellular images of labile copper
pools. Although there are numerous Cu2+ sensors, many of them rely on turn-off
mechanisms, and most that do elicit a turn-on response have problems with aqueous
solubility. Several examples of Cu+- or Cu2+-specific sensors are described below to
illustrate the current developments in intracellular copper sensing and the challenges
involved.

4.3.1. Sensors selective for Cu+—Creating an effective Cu+ turn-on sensor is difficult
for several reasons. First, Cu+ is likely to disproportionate to Cu0 and Cu2+ in aqueous
solutions. Second, despite being a diamagnetic d10 metal ion, Cu+-binding can cause
fluorescence quenching in some circumstances, as is seen for example with bathocuproine
disulfonate [74]. The Fahrni and Chang laboratories have overcome these challenges by
creating Cu+ turn-on sensors that rely on a PET mechanism.

The Fahrni laboratory was first to introduce this technique through the design of CTAP-1
(Fig. 10) [75]. CTAP-1 utilizes a tetrathiaza crown ether as the Cu+ receptor, which is
electronically decoupled from the di-substituted pyrazoline fluorophore. The probe is
selective for Cu+ over other biologically relevant metal cations including Cu2+, and
complexation disrupts the PET causing a 4.6-fold enhancement to the fluorescence emission
(Φ = 0.14). Imaging experiments of 3T3 mouse fibroblast cells using fluorescence
microscopy revealed that CTAP-1 fluorescence was localized to the mitochondria and Golgi
apparatus, which suggests labile copper is present in these regions. Complementary
experiments using micro X-ray fluorescence (microXRF) provided further evidence of
copper in these organelles. However, CTAP-1 requires UV light excitation and displays
some inherent background fluorescence from the apo-ligand (Φ = 0.03). To rectify these
problems, two sets of derivatives (labeled as A and B in Fig. 10) were created to optimize
the PET by adding electron withdrawing substituents, either a CN- or two fluoro-groups, to
the 3-aryl ring and an increasing number of fluoro-substituents at varying positions on the 1-
aryl ring [76,77]. These changes verified that the quantum yield of the ligand could be
reduced due to an enhancement in the PET. After complexation to Cu+, the fluorescence
enhancement increased 50- fold for 2,3,5-F3 substituted version of derivative B.
Additionally, the probes are only sensitive to pH at extremely low values when the aniline
donor group is protonated, rendering the PET ineffective. However, these compounds were
not applied to cellular studies because they are inadequately soluble in aqueous solution and
form colloidal aggregates in buffered solvents.

In comparison to CTAP-1, another Cu+-selective sensor was designed by the Chang lab and
named CS1 (Fig. 11) [78]. The sensor again utilizes a PET mechanism to selectively turn-on
its fluorescent signal. In 20 mM HEPES buffer at pH 7, Cu+ binding to the thioether-rich
binding pocket increases the fluorescence signal of the BODIPY dye by 10-fold (Φ = 0.13)
while the ligand alone exhibits only weak fluorescence at this pH due to PET quenching (Φ
= 0.016). The pH dependence of the probe was not reported, although protonation of the
tertiary amine would also disrupt PET. CS1 was imaged in HEK 293 (human embryonic
kidney) cells using confocal microscopy after incubation with exogenous CuCl2 to raise the
intracellular Cu concentration. To complement the work done with CS1, the Chang
laboratory developed a ratiometric copper sensor, RCS1, and a mitochondrial-targeted
copper sensor, Mito-CS1 (Fig. 11) [79,80]. RCS1 and Mito-CS1 both contain the same Cu+-
specific binding site as CS1, but it is attached to the 3-position of 5-methoxy-8-mesityl-
BODIPY. As a ratiometric sensor, RCS1 displays two emission maxima with low quantum
yields at 505 (Φ = 0.002) and 570 nm (Φ = 0.003) [79]. After addition of Cu+, one emission
band centered at 556 nm is seen with an increased quantum yield (Φ = 0.05) and a 20-fold
fluorescence increase. When HEK 293 cells were treated with RCS1, the fluorescence
imaging indicated that RCS1 could detect endogenous levels of Cu+. The response was
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larger upon treatment with ascorbic acid, which is consistent with ascorbate increasing labile
Cu+ either by enhancing cellular Cu entry and/or by liberating intracellular Cu from protein
stores. Much like CS1, Mito-CS1 exhibits a weak fluorescence response (Φ = 0.009) until
coordination with 1 equivalent of Cu+ introduces an approximate 10-fold increase in its
emission maximum at 558 nm (Φ = 0.05) [80]. However, the addition of a
triphenylphosphonium moiety targets the sensor to the mitochondria, as verified by co-
staining HEK 293T cells with Mito-CS1 and MitoTracker Deep Red, a commercially
available mitochondrial stain. Mito-CS1 was used to detect changes in mitochondrial Cu+

concentrations and to study the effect of cytochrome c oxidase 1 and 2 (SCO1 and SCO2)
mutations in human fibroblasts. Although mutations in SCO1 and SCO2 generally lead to a
severe copper deficiency in humans, the fluorescence imaging with Mito-CS1 reports that
the mitochondrial levels remain mostly unaltered when compared to wild-type controls.

Modifications to the CS design can tune the photophysical properties of this class of probe
[81]. By replacing the fluoro substituents on the BODIPY dye with methoxy groups, as
shown by CS3 in Fig. 11, the fluorophore’s electron density is increased and a greater Cu+-
dependent fluorescence turn-on is observed. CS3 exhibits a 75-fold increase in emission
intensity upon copper binding (Φapo = 0.007, ΦCu = 0.40). Improvements to the quantum
efficiency of the metal-bound sensor allowed for prolonged imaging studies on live
hippocampal dissociated neuronal cells. The results were interpreted as a dynamic copper
redistribution from the soma to the dendritic regions that is dependent on calcium-release
[81]. These results suggest provocatively that copper movement plays a role in neuronal
signaling.

Building off the foundations of CTAP-1 and CS1, a new two-photon Cu+ sensor, ACu1, has
recently been introduced (Fig. 12) [82]. The sensor utilizes the same thioether-rich copper-
binding domain as CS1 and is equipped with a 2-methylamino-6-acetylnaphthalene (acedan)
fluorescent receptor. A PET mechanism is again responsible for a 4-fold fluorescence
increase after copper addition, but the acedan moiety allows for two-photon excitation of the
sensor at 750 nm. The advantage of a two-photon sensor was demonstrated by the
observation of ACu1s fluorescence turn-on at depths of 90–220 μm through fresh rat
hippocampal tissue [82]. The authors report that this fluorescence response reveals Cu+

localization within the Cornu Ammonis areas, CA1 and CA3, as well as in the dentate gyrus
regions of the rat hippocampus.

4.3.2. Intricacies and complications: solubility—As described above in Section 3,
the requirements for an effective cellular fluorescent probe include the conflicting properties
of water solubility but also cell permeability. Because a certain degree of lipophilicity is
required for cell permeability, most fluorescent probes used in biology are indeed
hydrophobic and require dissolution in an organic solvent prior to dilution into a working
buffer. A recent report from the Fahrni lab calls attention to the fact that many optically
clear solutions of probes prepared in this manner likely contain colloidal aggregates, not
monomeric probe molecules [83]. In particular, they found by dynamic light scattering
measurements that CTAP-1 and its derivatives, as well as CS-1 and CS-3, all form
nanoparticles with average hydrodynamic radii between 50 and 100 nm [83]. It is not yet
clear how the formation of aggregates alters a probe’s photophysical properties or influences
its partitioning within cells. These issues, however, are clearly important to sort out so that
fluorescence imaging data can be best interpreted.

The observation of colloid formation led to the preparation of CTAP-2 (Fig. 11) as a water-
soluble probe that responds selectively to Cu+ in purely aqueous buffer with a 65-fold
fluorescence enhancement and a Kd of 4 ± 1 pM [83]. CTAP-2 was used to stain an
accessible Cu+ site within a metalloprotein in a gel, and also showed sub-cellular staining
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when applied to cells. Interpretation of the cellular staining pattern awaits more detailed
studies.

4.3.3. Sensors selective for Cu2+—In comparison to the handful of reported Cu+

sensors, a greater volume of Cu2+ sensors is found throughout the literature. Most of them
rely on fluorescence quenching for their detection method due to mechanisms inherent to
copper’s paramagnetic nature. More recently, a number of turn-on sensors have been
reported because a quenching mechanism is not favorable for imaging experiments.
However, most of these turn-on sensors are not soluble in 100% aqueous solutions at a
physiological pH, which presents a problem for cellular imaging experiments. Presented
below are descriptions of several turn-on Cu2+ sensors in an effort to compare and contrast
their reported properties and give insight into the latest advances.

4.3.3.1. Fluorescence turn-on by chelation-induced spirolactam ring opening: In order
to achieve a copper-selective turn-on effect, many researchers have relied on the metal-
induced opening of a rhodamine spirolactam ring to trigger a fluorescence enhancement.
Examples of this type of sensor and their properties are summarized in Table 1. In their
closed spirolactam form, the compounds all exhibit weak fluorescence emissions and are
nearly colorless in solution. Cu2+ binding shifts the equilibrium towards the open,
fluorescent form of rhodamine and induces an increase in fluorescence emission. Sensors 1,
2, 5, 6 and 8 utilize rhodamine B as their fluorophore and show increases in fluorescence
emission ranging from 2.6- to 10-fold [84-88]. A more dramatic 22–80-fold increase is
reported with the sensors comprised of rhodamine 6G (3, 4, and 7) except for sensor 9,
which shows only a 10-fold fluorescence increase. However, each sensor possesses a unique
metal binding site, which differentiates them in terms of their copper binding affinity,
selectivity and solubility, as indicated in Table 1. All of the sensors were selective for Cu2+

vs. most other metals, except sensor 6, which displays a Hg2+-dependent turn-on signal due
to an irreversible desulfurization reaction [86] and sensor 2, which exhibits fluorescence
quenching when Cr3+ is present in solution with the Cu2+-complex [88].

Although most of these sensors report promising results, only five were employed to image
intracellular Cu2+. Sensors 3, 9, 4 and 7 were imaged in EJ (lung cancer) cells, SPC-A-1
(lung cancer) cells and HeLa (cervical cancer) cells, respectively, and reported detectable
fluorescence responses localized to the perinuclear region of the cytosol in response to
exogenously applied Cu2+ [89-92]. Similarly, sensor 8 expressed a Cu2+ dependent response
inside murine P19 embryonic carcinoma cells and in zebrafish [87].

Finally, sensor 5 is perhaps the most unique sensor of its kind because it displays a
ratiometric signal due to the presence of two fluorescent molecules, pyrene and rhodamine B
[85]. Before interaction with Cu2+, the probe emits a fluorescent signal from the pyrene
moiety at 550 nm. After Cu2+ binding, the 550 nm peak is quenched while the rhodamine
signal at 574 nm is enhanced. Although it was not imaged in a cellular system, it provides a
template for future ratiometric designs.

4.3.3.2. Chemodosimeters for Cu2+: A separate class of fluorescent turn-on sensors,
known as chemodosimeters, relies on Cu2+-promoted hydrolysis to irreversibly release a
highly fluorescent molecule. Because the paramagnetic metal ion is not bound to the sensor,
this method avoids undesired fluorescence quenching. Table 2 displays the structures and
summarizes the properties of several Cu2+-selective chemodosimeters. Cu2+ is known to
promote hydrolysis of α-amino acid esters [93,94]; therefore, several sensors are based on
hydrazide linkages that mimic an amino acid binding motif. Most are soluble in high
percentages of water and show strong fluorescence turn-on responses due to the release of
rhodamine, fluorescein or coumarin derivatives although their final quantum yields are
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scarcely reported. In addition, all show good sensitivity for Cu2+ as demonstrated by their
nanomolar detection limits.

Sensors 10–12 take advantage of rhodamine’s and fluorescein’s non-fluorescent closed
spirocyclic rings in a similar manner to the previously described Cu2+ sensors [95-97]. After
interaction with Cu2+ and hydrolysis of their hydrazide bond, the rings open and release the
fluorescent component, as shown in Scheme 1. Sensor 13 hydrolyzes in a similar manner by
utilizing its electron-rich sulfur to bind copper in order to stimulate the hydrolysis
mechanism. However, it can undergo a different reaction mechanism in response to Hg2+,
wherein desulfurization of the backbone leads to the irreversible formation of a 1,3,4-
oxadiazole [98]. Despite its lack of specificity, sensor 13 is the only of these
chemodosimeter examples used for intracellular monitoring of Cu2+. Images of 13 in HeLa
and MCF-7 (breast cancer) cells supplemented with CuCl2 showed fluorescent signals in the
perinuclear region of the cytosol, similar to the findings of the spirolactam probes. Much
like the rest of the chemodosimeters, sensor 14 hydrolyzes in the presence of Cu2+ to release
its highly fluorescent coumarin 334 moiety [99].

Finally, sensors 15 and 16 both possess similar fluoresceinbased backbones but are triggered
by different stimuli. Sensor 15 contains two picolinate esters attached to fluorescein’s
xanthene ring that are hydrolyzed by Cu2+ to activate its turn-on response [100]. This unique
design could be applicable for the detection of reactive copper species bound to intracellular
ligands and biomolecules that contain open coordination sites. Similarly, sensor 16 has two
light-activated nitrophenyl derivatives attached to its xanthene ring [101]. Release of these
groups by UV light yields a fluorescein derivative of sensor 11, which further reacts with
Cu2+ to display a fluorescent signal, as previously described. The mechanism of this probe
was applicable in cellular studies where HeLa cells were treated with Cu2+ and 16 displayed
no fluorescence emission until it was exposed to 30 s of UV light. Sensors that can be
triggered by external or internal stimuli should prove valuable in the ultimate challenge of
real-time intracellular Cu2+ sensing due to their potential to sense copper in its bound state,
as with sensor 15, or with high temporal and spatial release of the Cu2+ sensitive probe, as
seen for sensor 16.

4.3.3.3. Ratiometric Cu2+ sensors: Lastly, a third set of sensors containing naphthalimide
chromophores has been designed that enable ratiometric detection of Cu2+. Naphthalimide,
when connected to an electron donor and acceptor group, can undergo an internal charge
transfer (ICT). Under certain conditions such as metal binding, the strength of the donor/
acceptor can be modulated causing a change in energy of the ICT and a shift in the
excitation or emission wavelengths [31]. The Qian laboratory has created several
naphthalimide derivatives for use as Cu2+ sensors, shown in Fig. 13 as sensors 17–19. The
original design, 17, displays a shift in its emission maximum from 525 nm to 475 nm upon
addition of Cu2+ [102]. However, it exhibited only modest selectivity and was only soluble
in aqueous solvents containing 40% alcohol. Modifications were made to the backbone to
create sensor 18, which displays longer excitation and emission wavelengths than the
previous design attributed to the Cu2+-induced deprotonation of the two secondary amines
conjugated to the naphthalimide fluorophore [103]. The emission maximum of 18 red shifts
from 518 to 592 nm upon Cu2+ binding but still has limited aqueous solubility. The most
recent design, 19, displays a 50 nm red-shift in its absorption maximum from 464 to 514 nm
due to interaction with Cu2+; although, its emission spectrum only shows fluorescence
quenching [104]. In comparison to these sensors, a separate group has created a ratiometric
probe based on the signals produced from two fluorophores, naphthalene and naphthalimide
(Fig. 13, sensor 20) [105]. Upon addition of Cu2+, an enhancement to the naphthalene
emission band at 435 nm is seen, whereas the naphthalimide band at 510 is quenched.
Although this idea is attractive due to the combined use of two distinct fluorophores, its
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drawbacks are its limited aqueous solubility and required UV excitation. Despite the
proposed usefulness of a ratiometric sensor, none of the compounds discussed have been
utilized for intracellular copper imaging.

4.3.4. Intricacies and complications: off-target responses—Several potential
complications may affect sensors that rely on opening of a rhodamine or fluorescein
spirolactam ring, such as those found in Table 1. One is pH. While most of these compounds
are in the closed form near neutral pH, a decrease in pH will shift the equilibrium to the
protonated, ring-opened form. Weakly acidic microenvironments within a cell could
therefore cause a fluorescence response that is indistinguishable from a metalinduced
response [106]. Furthermore, many of the reported metal ion sensors contain hydrazone
linkages that may be susceptible to hydrolysis. For example, we reported that sensor FlamB
(see Section 6 and Fig. 24), which has structural features similar to those shown in Table 1,
hydrolyzes in aqueous solution to give a fluorescein hydrazine byproduct that reacts
irreversibly with either Cu2+ (see Scheme 1) or H2O2 to release fluorescein [107]. Although
hydrazone linkages may appear quite stable in buffered solution in vitro, changes in pH or
the presence of amines or other mediators in cell culture media or within a cell can shift the
equilibrium of this reversible linkage and release products that provide off-target
fluorescence responses. Determining the integrity of these probes under a variety of solution
conditions is therefore important in order to best interpret their response profiles in real
applications.

4.4. Fluorescent iron sensors
As with copper, iron’s biological involvement is critical and yet insufficiently understood.
Iron is an essential transition metal that is necessary for such essential life processes as
oxygen transport and metabolism, electron transfer, and enzymatic reactions within the
mitochondrial respiratory chain; however, disruptions in the normally strict regulation of
iron are responsible for severe systemic disorders, such as anemia and hemochromatosis
[108,109]. In addition, misregulated iron homeostasis is also linked to neurodegenerative
diseases, including Alzheimer’s and Parkinson’s disease [1,17,21,23,24]. In order to combat
these diseases, a better understanding is needed of iron’s role or the factors involved in its
misregulation; fluorescent iron sensors could help provide this information. Additionally,
enzymes or storage proteins tightly bind the majority of biological iron, but there is evidence
that a small percentage is considered “labile,” meaning that it is loosely bound to a mixture
of organic anions, polypeptides or membrane components [110]. Labile iron is considered to
be in a steady-state equilibrium, while maintaining kinetic availability for incorporation into
metalloenzymes and proteins [111,112]. Increases in labile iron concentration are a
consequence of oxidative stress and UV damage, which in turn plays a larger role in the
onset of disease [113,114]. Iron-specific fluorescent sensors could provide a way to monitor
changes to intracellular iron levels, providing further insight into its location and speciation.

The design of fluorescent iron sensors is complicated by the presence of dynamic redox
states. Biological iron can exist as either the ferrous (Fe2+) or ferric (Fe3+) oxidation state
depending on the coordinated ligands and cellular reducing environment. In addition, both
Fe2+ and Fe3+ are usually paramagnetic in nature. An effective sensor should be selective
for one of these oxidation states and yet overcome its tendency to quench a fluorescent
signal. Again, despite the many sensors presented throughout the literature, none fulfill all of
the necessary requirements. However, as will be described in the following sections, a large
number of ratiometric or turn-on iron sensors have been presented over the last few years
and provide promise for future developments.

Hyman and Franz Page 12

Coord Chem Rev. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



4.4.1. Commercially available Fe3+/Fe2+ sensors—Currently, there are two
commercially available sensors used for detecting levels of intracellular iron: calcein and
Phen Green SK (Fig. 14). Both rely on fluorescence quenching mechanisms and are not
completely specific for either oxidation state of iron. Calcein’s structure consists of a
fluorescein backbone with an EDTA-like chelating moiety. Originally, it was thought to
show Fe2+-specific quenching and was utilized to track the release of Fe2+ from transferrin
and measure changes in cytosolic Fe2+ concentrations due to oxidative or reductive stress
[111,115,116]. However, because iron quenches the fluorescent signal, a second competitive
chelator is needed to restore the fluorescence and back-calculate the concentration of bound
iron. It is now known that Fe3+ as well as Co2+, Ni2+ and Mn2+ also quench calcein’s
emission [115,117]. In addition, the Fe(II)–calcein complex promotes the formation of
radical species that can degrade free calcein and cause a second off-target fluorescence
decrease [118].

Phen Green SK is the second commercially available fluoresceinbased probe used for
intracellular Fe2+ sensing. It has shown utility in the measurement of the intracellular labile
iron pool [112,119]. But once again, Phen Green SK’s non-specific binding site leads to
quenching from a variety of metals including Fe3+, Fe2+, Cu2+, Co2+ and Ni2+. Although
calcein and Phen Green SK have been used in intracellular experiments, they are likely to
have off-target responses. Therefore, probes that are more specific for Fe2+ or Fe3+ are
critical for intracellular studies.

4.4.2. Sensors selective for Fe2+—Designing a sensor with specificity for Fe2+ over
Fe3+ is difficult due to its propensity for oxidation within aqueous and aerobic conditions.
Because of this challenge, there are only two fluorescent sensors selective for Fe2+, pyrene-
TEMPO and DansSQ (Fig. 15). Both exhibit a turn-on response to Fe2+ but via different
mechanisms. Pyrene-TEMPO is a spin fluorescent probe that exists as a radical and exhibits
a weak fluorescence emission at 430 nm [120]. In the presence of Fe2+, the radical is
reduced and pyrene’s fluorescence is restored. The mechanism of fluorescence enhancement
is specific to Fe2+ over other metal cations. However, the reaction is conducted in acidic
solutions and can proceed in the presence of other radicals, which limits the utility of
pyrene- TEMPO in biological systems. The second Fe2+ turn-on sensor, DansSQ, consists of
a dansyl-styrylquinoline conjugate. The ligand is weakly fluorescent due to an ICT from the
quinoline nitrogen to the nitrostyryl group upon excitation [121]. Binding of Fe2+ disrupts
this transfer and a 15-fold fluorescence enhancement is observed at 460 nm (Φ = 0.075)
upon excitation at 365 nm. However, the probe is not completely selective for Fe2+ as it
shows increased fluorescence with a large excess of Cu2+, Fe3+, Hg2+ and Cr3+. Also,
DansSQ is only soluble in CH3CN containing 10% H2O.

4.4.3. Sensors selective for Fe3+—In comparison to the small number of available
Fe2+-specific sensors, the field of Fe3+ sensing is vast. Most involve a turn-off mechanism;
however, over the past 5 years a large number of turnon and ratiometric sensors have
emerged, and several have been utilized in biological systems. Representatives from each of
these classes will be discussed further, but as was seen with the copper sensors, no single
design has met all of the necessary criteria needed for a successful intracellular probe.

Several fluorescent turn-off sensors have been created with greater selectivity for Fe3+ than
was seen for calcein or Phen Green SK. Most are fluorescently tagged siderophores (iron-
chelating natural products) or synthetic polymer-mimics [122-127]. Although these will not
be discussed within the context of small molecule fluorescent sensors, most siderophore-like
sensors show highselectivity and sensitivity to Fe3+. Many Fe3+ sensors are derived from
these same basic principles, mainly that a known iron chelator is tagged or modified with a
fluorophore. For example, sensor 21, shown in Table 3, incorporates a known siderophore-
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binding motif comprised of a phenol substituent adjacent to an sp2 hybridized nitrogen into
its backbone [128]. Despite this thoughtful design, the probe still shows 30% emission
quenching with Cu2+ and has minimal aqueous solubility. Sensors 22 and 23 are
representatives of a large library of sensors developed by the Hider laboratory [129-131].
Each is constructed on a hydroxypyridinone or hydroxypyranone chelating backbone with a
coumarin or fluorescein derivative attached and shows selective fluorescence quenching to
Fe3+ up to 90%. The more recent fluorescein derivatives, such as sensor 22, accumulate in
endosomes and lysosomes of murine bone marrow derived macrophages. They were also
utilized in flow cytometry experiments to determine cellular iron concentrations [130,131].
Other designs of Fe3+ turn-off sensors include sensor 24, which is composed of an
anthracene linked to aspartic or glutamic (not shown) acid. Although both amino acid-
containing probes are soluble in aqueous solvents, they exhibit their highest sensitivity for
Fe3+ at pH 5, which is below the physiological pH of most organelles [132].

Several turn-on sensors with response to Fe3+ have recently appeared and are summarized in
Table 4. As noted in the table, many of them require organic co-solvents for solubility.
Sensors 25–32 utilize the same rhodamine turn-on mechanism as seen for several Cu2+-
specific turn-on sensors [133-139]. Sensor 29 is unique because it hydrolyzes in the
presence of Fe3+ to release the free rhodamine derivative much like the previously described
chemodosimeters [137]. Each of the other sensors remains in its closed spirolactam form
until interaction with Fe3+, which forces the equilibrium to the fluorescent ring-open form.
As noted above in the complications Section 4.3.4, H+ will also induce ring opening, making
it difficult to discriminate Fe3+ binding from decreased pH [106].

At first glance, it seems surprising these sensors would have an affinity for iron over copper.
In fact, several sensors including 25, 28, 30 and 31 do show increases in fluorescence
emission upon introduction of Cu2+ although it is much smaller than the Fe3+- induced
enhancements [133,136,138,139]. The longer alkyl chains in 28 and 30 that connect the
donor atoms may help the chelator wrap more effectively around the slightly smaller Fe3+

cation, although metal complexes of these ligands have not been thoroughly characterized.
Likewise, metal complexes of 25, 26, and 31 have not been structurally characterized, and it
is not obvious how these ligands interact with Fe3+. In contrast, 32 forms a bisligated
[Fe(L)2]3+ complex that has been structurally characterized and shows a typical rhodamine
emission spectrum between pH 3 and 8 [106].

Three of the sensors, 25, 29, and 32 were used for Fe3+ imaging in cells. Incubation of PIEC
(pig iliac artery endothelium) cells or Hep G2 (hepatocellular cancer) cells with 25 or 29,
respectively, only showed detectable fluorescence emission after addition of exogenous Fe3+

or if the cells had been pretreated with extra Fe3+ [133,137]. Confocal microscopy of HeLa
cells incubated with either the pre-formed [Fe(L)2]3+ complex or the free ligand 32 showed
a fluorescence response that was localized to endosomes or lysosomes. While these data
show that 32 and its iron complex are cell permeable, the authors point out the difficulty in
determining whether the positive response from 32 arises from its fluorescent protonated
version or its ferric chelate version [106]. It is important to point out that this difficulty is a
general one that is true for any sensor that provides a pH-dependent fluorescence profile. In
many cases, the evidence of a metal-dependent fluorescence change observed inside cells is
circumstantial and could be induced by unintended pathways.

Two reported turn-on sensors utilize macrocycles as their Fe3+ recognition sites. Sensor 33
contains two aza-18-crown-6 iron-chelating moieties attached to a coumarin [140]. The
azacrowns exhibit a moderate affinity for Fe3+ (6.7 μM) and a weaker affinity for Cu2+

(0.42 mM). Because of its dual affinity, the sensor displays a 15-fold turn-on with Fe3+ but
also a 2.5-fold turn-on with Cu2+. The second design consists of a mixed-donor (N,S,O)
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macrocycle and was originally reported to have selective affinity for Fe3+ in aqueous
solutions (pH of 5) [141]. More recently, the same macrocycle was incorporated into a UV-
light activated Fe3+ photocage and was shown to have no affinity for Fe3+ in aqueous
solvents [142]. Although formation of the iron complex was confirmed in 100% CH3CN,
the macrocycle’s binding affinity is compromised in oxygen-donating solvents such as
MeOH causing iron to be released. The authors further described that the originally reported
iron-dependent fluorescence increase was an off-target response to protonation of the
ligand’s aniline nitrogen in slightly acidic solutions [142].

Finally, there are a few sensors that demonstrate a ratiometric change in emission intensity
upon Fe3+ binding (Table 5). Sensor 34 consists of 2,4,5-triphenylimidazole linked to 6-
phenyl-2,2′- bipyridine, which is soluble in aqueous solvents with 50% THF and is selective
for Fe3+ aside from some quenching due to Hg2+ [143]. A ratiometric change is observed by
increases at 416 and 442 nm and a decrease at 480 nm after excitation at 375 nm. Sensor 35
is constructed from a phenanthroimidazole dye and a bipyridyl-chelating group [144]. Fe3+

binding induces an increase in emission at 440 nm and a decrease at 500 nm after excitation
at 352 nm. However, other metals including Cu2+, Ni2+ and Fe2+ induce other various
changes to the emission spectra. The third ratiometric sensor (36) is based on a
benzimidazole fluorescent receptor and shows a decrease in emission at 412 nm
accompanied by an increase at 475 nm after excitation at 288 nm. This sensor shows good
selectivity for Fe3+; however, it is only soluble in aqueous conditions with 95% CH3CN
[145]. Although ratiometric sensors are generally advantageous for cellular applications,
these share the disadvantage of needing UV light for excitation. In particular, sensor 36
requires an extremely low excitation wavelength and could not be used in a biological
system.

5. Fluorescent sensors for intracellular detection of small molecules
5.1. Intricacies and complications: commonly available fluorescent sensors for reactive
oxygen species

There is great interest in monitoring the in vitro and in vivo presence of ROS. ROS are
produced during physiological and pathological processes [1,5,146] and react with cellular
components such as several amino acids, proteins, lipids and nucleic acids [147-149]. In
some cases these reactions are advantageous to the system because they involve redox
signaling, cell migration, proliferation and neurogenesis [146]. However, during times of
stress, ROS can participate in damaging reactions leading to exhaustive cellular damage.

Perhaps contrary to popular hope and convenience, most commercially available probes for
oxidative activity are not specific for individual ROS [6,27,28]. For instance, one of the
most commonly used probes for oxidative activity is 2,7-dichlorodihydrofluorescein
(DCFH, Fig. 16), a non-fluorescent molecule that can be oxidized by two electrons to
fluorescent 2,7-dichlorofluorescein (DCF). Although it is often cited as a probe for H2O2,
DCFH does not react directly with H2O2 to produce the fluorescent product, but rather
requires a catalyst like cytochrome c or a redox-active metal ion. Furthermore, the one-
electron oxidation of DCFH produces a radical intermediate that can itself react with O2 to
release superoxide. DCFH has additional disadvantages of photosensitivity, which results in
auto-oxidation and a false turn-on fluorescence response [150,151], and its oxidized product
has low intracellular retention, which limits its use as a quantitative tool or in systems with
slow oxidation. To overcome the cellular retention flaw, carboxylated, fluorinated, and
chloromethyl derivatives were designed (Fig. 16) so that the charged fluorescent products
would be retained [30]. Dihydrorhodamine, dihydroethidium, and Mito-Sox are other
nonfluorescent dyes that undergo oxidation to give a fluorescence response. While these
probes are often touted as being “specific” for peroxynitrite, superoxide, and mitochondrial
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superoxide, respectively, many of the limitations of DCFH apply to these molecules as well.
The reader is referred to excellent reviews and discussions on the pitfalls and complications
associated with these ROS probes [6,27,28,152].

Two probes that offer greater photostability and more limited reactivity with ROS are 3′-(p-
aminophenyl)fluorescein (APF) and 3′-(p-hydroxyphenyl)fluorescein (HPF) (Fig. 17) [153].
Both probes are non-fluorescent until reaction with the hydroxyl radical, peroxynitrite anion
or singlet oxygen causes O-dearylation of the aminophenyl or hydroxyphenyl rings. In
addition, APF can react with hypochlorite anion (OCl−). Because of this difference in
reactivity, if APF and HPF are used in conjunction, OCl− can be selectively detected. In
addition, APF and HPF are resistant to autooxidation and can be used in the presence of an
enzymatic system [153].

More recently developed, Invitrogen now offers CellRox Deep Red Reagent. The probe is
cell-permeable and non-fluorescent until oxidation with reactive species yields a fluorophore
that has excitation and emission maxima at 640 and 665 nm, respectively [30]. Although the
structure is not published, the probe claims to offer several advantages over other
commercially available probes. Most noticeably, CellRox Deep Red Reagent shows high
photostability when compared to DCFH.

Because OH• is the presumed species that causes direct damage to biomolecules, a
fluorescent sensor specific for this radical would be highly desirable. However, the
diffusion-limited rate of reaction between OH• and biomolecules means that a very high
probe loading localized to the site of radical generation would be required to intercept and
detect this species [28]. An interesting strategy for OH• detection based on a Tb chelate
complex has been introduced, although it has not been reduced to practice in cells [154].

5.2. Fluorescent sensors for cellular hydrogen peroxide
As an important intracellular small molecule, H2O2 plays the role of antagonist and
protagonist. Most often thought of in the context of disease-causing oxidative stress and
damage, emerging evidence supports the notion that H2O2 has other beneficial
responsibilities. Studies have shown that H2O2 production is a result of the activation of cell
surface receptors, and it acts as a second messenger for the determination of life span and
signaling of protein function [155-158]. For instance, it oxidizes the cysteine residues on
proteins to modulate their function by acting on sites found in transcription factors and
protein tyrosine phosphatases [158]. This process has downstream effects such as gene
transcription, cell proliferation, differentiation and metabolism [159]. On the other hand, it is
well understood that H2O2 as a ROS can contribute to damaging levels of oxidative stress
connected to cancer [160,161] and neurodegenerative diseases [1,4]. However, our
knowledge of H2O2’s mechanisms of production, accumulation, trafficking and function
whether in healthy or diseased states is insufficient. Fluorescent probes could offer the
ability to monitor these processes in real time and with high spatial recognition, but they
must be selective for H2O2 even in the presence of other ROS.

To overcome the limitations of DCFH and create probes with greater selectivity for H2O2,
researchers sought to utilize functional groups or protecting groups that would react solely to
H2O2. One such set of probes utilizes fluorescein protected as the
pentafluorobenzenesulfonyl ester (Fig. 18, 37a–c) [162]. The sulfonyl group acts as the
H2O2-responsive component, and its location at the top of the xanthene ring forces
fluorescein into its non-fluorescent closed ring form (Φ = 0.008 for 37b). The
pentafluorobenzene ring was chosen because it enhances the sulfonate’s reactivity to H2O2,
as demonstrated by the fast rate of deprotection for probes 37b and 37c (k = 14 × 102 M−1

s−1 and k = 15 × 102 M−1 s−1, respectively). Importantly, the probes showed good sensitivity
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to H2O2 over the hydroxyl radical (OH•), tert-butyl hydroperoxide (tBuOOH), peroxynitrite
(ONOO−), and the superoxide radical (O2

•−) but showed a slight response to the nitric oxide
radical (NO•) over time. Lastly, this design was tested in green algae as a model for cellular
H2O2 detection. The probe’s selectivity for H2O2 was maintained even when the system was
stressed with various ROS-inducing stimuli.

Probe 38 provides a second example of an H2O2-responsive protecting group by utilizing a
butanediol ester of p-dihydroxyborylbenzyloxycarbonyl (Dobz) to mask the amino
functionality of a coumarin fluorophore (Fig. 18) [163]. Reaction with H2O2 deprotects the
arylboronic ester and causes a cascade to release the Dobz group. The fluorescent signal can
monitor H2O2 formation down to the low micromolar range in slightly basic conditions (λex
= 348 nm, λem = 440 nm). Although the arylboronic ester should be selective for H2O2,
studies against other ROS were not performed.

A third, more recent example of this concept is seen with probe 39 in which a benzil group
is used to quench the fluorescence of fluorescein through a donor-excited photoinduced
electron transfer process (d-PeT) [164]. The nitro-benzil group reacts with H2O2 to form
benzoic anhydride through a Baeyer–Villiger type reaction followed by further hydrolysis to
benzoic acid and releases 5-carboxyfluorescein leading to a 150-fold increase in its emission
intensity. The probe was selective for H2O2 over O2

•−, OH•, NO•, hypochlorite ion (−OCl)
and singlet oxygen (1O2). However, small fluorescence enhancements were seen with
ONOO− and tBuOOH. Furthermore, probe 39 was utilized in live cell imaging to visualize
H2O2 production in RAW 264.7 macrophages stimulated with phorbol-12-myristate-13-
acetate (PMA) and in A431 human epidermoid carcinoma cells following epidermal growth
factor stimulation.

An alternate approach has been pioneered for the intracellular detection of H2O2 through the
creation of probe 40 or DPPEAHC. Through a PET mechanism, the lone pair on the
phosphorous of diphenylphosphine inhibits the fluorescence of an adjoined 7-
hydroxycoumarin (λex = 396 nm, λem = 449 nm) [165]. Oxidation of the phosphorous to
diphenylphosphine oxide by H2O2 restores the fluorescence emission (Φ = 0.82). The probe
is specific for H2O2 over ONOO−, OH•, −OCl and alkylperoxyl radical (ROO•) but shows
an equal response with O2

•− and NO. However, the sensor was applied to an enzymatic
system consisting of xanthine, xanthine oxidase and superoxide dismutase to effectively
monitor the catalytic generation of H2O2.

Among the probes developed for H2O2-sensing, one family of compounds has far exceeded
the rest. Building off of the idea of H2O2-selective arylboronate esters found in probe 38, the
Chang laboratory has developed a set of highly fluorescent probes. Fig. 19 displays several
of the probes and summarizes their fluorescent properties. In each case a pinacol boronic
ester masks the phenolic oxygen on fluorescein’s xanthene ring rendering it non-fluorescent.
Interaction with H2O2 removes the boronate group and restores the fluorescence intensity.
The original design (peroxyfluor-1, PF1) utilized two boronate groups but lacked the
sensitivity to detect physiological signaling levels of H2O2 [166-168]. To correct this
problem, one boronate ester was replaced with differing functional groups to create a variety
of probes with excitation and emission wavelengths that span the visible spectrum, shown in
Fig. 19 as PF3, PY1 and PO1 [169]. By increasing the sensitivity of these three compounds,
they were able to image H2O2 signals produced in RAW 264.7 macrophages during an
immune response and in A431 cells following growth factor stimulation. In addition, the
boronic ester mask shows high selectivity for H2O2 over O2

−, tBuOOH, NO, NO+, 1O2,
ozone (O3), OCl−, OH• and the tert-butoxy radical (•OtBu), although the H2O2 reaction is in
fact quite slow (on the order of 0.1–1 mol−1 s−1). However, it is likely that these probes also
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respond to OONO−, as others have shown that aryl boronates in general react a million times
faster with OONO− than with H2O2 [170].

The range of emission wavelengths allows for dual-color imaging experiments, as
demonstrated by the use of PO1 in tandem with a green-fluorescent reporter for highly
reactive oxygen species to monitor levels of H2O2 and HOCl simultaneously in live cells. In
addition to this work, the lab has also developed two ratiometric probes, one utilizing a
fluorescence resonance energy transfer (FRET)-based approach and the other an ICT
approach to shift the emission wavelength after H2O2 interaction (Fig. 19, RPF1 and PL1,
respectively) [171,172]. Finally, a bifunctional probe was created that utilized a
triphosphonium head group to target the H2O2- selective probe to the mitochondria of living
cells (Fig. 19, MitoPY1) [173]. This molecule is of particular interest because it is the first
multifunctional H2O2 probe that can visualize the localized production and accumulation of
H2O2 in a living system. An approach such as this could aid in our understanding of H2O2’s
complex role within healthy and diseased systems.

5.3. Fluorescent sensors for intracellular thiols
Intracellular thiols such as those found in proteins or small molecules like cysteine (Cys) or
glutathione (GSH), play crucial roles in cellular antioxidant defense. But much like their
oxidative counterpart, H2O2, an increased or decreased level of thiols signals an imbalance
in cellular redox homeostasis. For instance, GSH is an antioxidant found in millimolar
concentrations that protects cells from ROS, like H2O2, by acting as a reducing agent
[174,175]. Depending on the environmental needs, GSH can redox cycle to its oxidized
form, glutathione disulfide (GSSG) to provide support for cell growth and function [8,176].
Variations in intracellular GSH levels are directly linked to diseases such as cancer,
Alzheimer’s and cardiovascular disease [7]. Likewise, Cys and homocysteine (Hcy) are
essential thiol-containing amino acids utilized as reducing agents and in protein synthesis.
However, a cysteine deficiency causes various health problems like liver damage and skin
lesions, while an elevated level of Hcy is noted as a risk factor for Alzheimer’s and
cardiovascular disease [177,178]. Due to their importance in maintaining a healthy system
and signaling the onset of disease, intracellular thiols provide an interesting target for
fluorescent probes.

Many of the first and most common thiol sensors are non-fluorescent derivatives of N-
substituted maleimides, which undergo nucleophilic thiol addition across the carbon-carbon
double bond to produce an irreversible fluorescence enhancement. Probe 41, N-[4-(2-
benzimidazolyl)phenyl]-maleimide, was the first example to utilize this mechanism (Fig. 20)
[179]. However, it requires low wavelength excitation, long reaction times and high
percentages of organic solvents for aqueous solubility making it a poor sensor. Since that
time, many new derivatives, which rely on nucleophilic addition to initiate a change in
fluorescence have been prepared to overcome these disadvantages.

As compared to the original design, 41, most current sensors utilize fluorophores with
improved photophysical properties such as fluorescein for probe 46 [180], rosamine for
probe 44 [181] and coumarin for probes 42, 43, 45, 47 and 48 (Fig. 21) [182-186]. In
addition, different thiol reactive sites have replaced the maleimide group to increase the rate
of reaction. For example, probe 42 contains a cis double bond that efficiently reacts with
Cys through Michael addition with a rate of 7.0 × 104 M−1 s−1. This rate of reaction is 20
times faster than most other thiol reactive probes [182]. Probe 45 is of interest due to its high
selectivity for Cys over Hcy and GSH. Although it shows a slight increase in fluorescence
with Hcy and GSH, the reaction with Cys proceeds with the fastest rate and produces the
highest quantum yield (Φ = 0.33) [183]. Probe 43 also shows slight selectively towards Cys
by producing a 19-fold fluorescence enhancement; however, Hcy and GSH yield modest
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increases in the probe’s emission intensity, 12 and 5.6-fold, respectively [184]. The
rosamine-based probe, 44, was chosen from an extensive library of compounds due to its
highly selective response toward GSH, and it has an advantage over other probes because
the rosamine dye exhibits high quantum yields and pH-insensitivity [181]. Recently, two
probes, 47 and 48, were designed to have a ratiometric response upon reaction with
biothiols. Probe 47 reacts with GSH and Cys to afford a ratiometric change in its excitation
maximum from 434 to 404 nm while increasing its fluorescence emission at 480 nm [186].
A slight modification to the backbone produces probe 48, which experiences ratiometric
changes to both its excitation and emission spectra upon reaction with GSH, Cys and Hcy
[185]. Finally, probes 42–48 were all utilized in live cell imaging experiments, and probe 46
was the first to selectively image thiols within a living organism. Zebrafish embryos treated
with 46 exhibited a strong fluorescence response except when pretreated with N-
methylmaleimide, a thiol-reducing reagent [180].

Complementary to the previous probing mechanism is a class of probes that undergo
aromatic nucleophilic substitution. In some cases, this leads to cleavage of a
nitrobenzenesulfonyl ring, and in others the thiol is added directly to the probe. Each
example leads to an irreversible fluorescence emission increase. Although there are many in
the literature, probes 49–54 (Fig. 22) are a few examples of this class of thiol-reactive probe.
Probe 49 shows direct addition of the thiol onto the fluorophore backbone and is sensitive
only to Cys and Hcy. GSH and other macromolecules produce no fluorescence increase
reportedly because of steric hindrance [187]. Similarly, GSH induces little or no response
for probes 50–52 and 54, although they rely on thiol reaction with a nitrobenzenesulfonyl
group for activation. Interestingly, 50 uniquely displays a fluorescence response for the
enzyme acetyl-cholinesterase over GSH and Cys through selective release of a resorufin dye
[188]. Probes 51 and 52 show the greatest change in fluorescence intensity due to an ICT
mechanism that renders them non-fluorescent in their unreacted forms (Φ = 0.003 and
0.0087, respectively) [189,190]. Similarly, probes 53 and 54 were recently developed to
utilize a PET mechanism, which quenches their initial fluorescence and leads to dramatic
180- and 300-fold increases, respectively, in emission intensity after reaction with thiols
[191,192]. This low background fluorescence and subsequent high fluorescence output is
advantageous for easy detection during cellular imaging, and probes 50–54 were
successfully used for intracellular thiol recognition in a variety of cell lines [188-192].

Both the aromatic nucleophilic substitution and nucleophilic addition-based probes undergo
irreversible reactions for the detection of thiols; however, these are unsuitable for measuring
reductase activity and can potentially affect the redox homeostasis within a cell. To
circumvent these problems, thiol probes 55–60 were prepared (Fig. 23). Each sensor relies
on the reduction of a disulfide bond by intracellular thiols to elicit a change in its
fluorescence read-out. The design of probes 55, 56 and 57 revolves around the basis of
FRET where the initial fluorescence emission is from the longer wavelength acceptor
fluorophore [193,194]. Cleavage of the disulfide bonds results in an increase of the donor
fluorophore’s emission. This mechanism of action is reversible making it advantageous for
the study of oxidation levels within a system. Probes 55 and 56 were applied to the in vivo
analysis of thiols within zebrafish [193], whereas 57 was used in an assay to measure
glutathione reductase activity [194]. Another example of a redox-responsive probe, 58,
displays a ratiometric change to its emission spectra after interaction with GSH and Cys.
Initially, the probe has an emission peak at 485 nm. Following incubation with GSH or Cys,
the maximum emission peak red shifts to 533 nm due to cleavage of the disulfide bond and
subsequent release of the carbamate linkage from 4-aminonaphthalimide [195]. Unlike, 55–
57, probe 58’s reaction with thiols is irreversible, but is the first design to utilize ratiometric
fluorescence detection. Probes 59 and 60 also undergo irreversible reactions with GSH and
Cys but are of interest due to their ability to undergo two-photon excitation [196,197]. Probe
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59 was utilized in both live HeLa cells and rat hippocampal slices to image biological thiols.
The use of two-photon microscopy showed that the probe was capable of detecting thiols at
depths of 90–180 μm within the live tissue. Building upon this design, the same group
developed a separate ratiometric probe, 60 or SSH-Mito, which shows a shift in its emission
maximum from 462 to 545 nm after reaction with GSH and Cys. It also contains a
triphenylphosphonium group that targets it directly to the mitochondria. This probe allowed
for direct visualization of GSH levels within the mitochondria of HeLa cells and in rat
hippocampal tissue.

6. Multifunctional fluorescent sensors
All of the probes described in the previous sections for metal ions, ROS and intracellular
thiols respond to just one species in an extremely complex set of events. However, because
cellular events are often controlled by multiple factors, imaging one specific metal cation or
intracellular molecule might not provide a clear picture of their cellular involvement. The
creation of multifunctional or dualsignal sensors that react with two or more cellular species
and could elucidate their relationship under a stressed system are therefore of high interest.

In this vein, a few multifunctional sensors have recently been developed that probe for the
redox active metals Cu or Fe in the presence of H2O2 (Fig. 24). In each case, the sensors
rely on a prochelator strategy that utilizes a boronate ester protecting group to prevent metal
coordination prior to oxidation by H2O2. The selectivity of this strategy therefore resides in
the reactivity-dependent activation of a prochelator to a chelator, and not on any inherent
metal preference of the chelator itself. The Guo laboratory first introduced SBH-B-AN,
which was an anthracene-appended version of their boronic acid prochelator, SBH [198].
The protected version showed no iron-binding capabilities and no changes to the
fluorescence output. However, after reaction with H2O2, the emission bands of the chelator
at 400 and 480 nm were ~30–40% quenched by the addition of Fe3+.

As a separate approach to this strategy, our group introduced FlamB [107]. Built upon the
spirolactam framework found in several metal sensors described in previous sections, non-
fluorescent FlamB is oxidized by H2O2 to its chelator form, FlamS, which itself exhibits a
modest Cu2+-selective fluorescence turn-on response. However, it was also determined that
a competing mechanism occurs in aqueous solution due to hydrolytic instability of the
prochelator’s hydrazone backbone. One of FlamB’s hydrolysis products, fluorescein
hydrazine, reacts with Cu2+ (see Scheme 1) or H2O2 to produce the highly fluorescent
fluorescein. A very small amount of hydrolytic decomposition could therefore produce a
fluorescence response that could be easily misinterpreted. Due to this alternate pathway for
fluorescence turn-on within an aqueous environment, cell studies were not performed.
Despite the instability of FlamB, the Guo laboratory reported a rhodamine derivative
containing the same hydrazone prochelator backbone [199]. They showed that Rh-SBH (Fig.
24) produced a 7.5- or 5-fold turn-on in the presence of Cu2+ or Fe2+ and excess H2O2,
respectively. In turn, Rh-SBH was applied to live SH-SY5Y neuroblastoma cells and
showed increased fluorescence when incubated with excess Cu2+ or Fe3+ and H2O2.

The final example in this class of multifunctional sensors is FloB-SI [200]. We recently
reported that this fluorescein-appended prochelator is stable to hydrolysis in aqueous
solution and cell culture media, and undergoes fast deprotection with H2O2 through loss of
its self-immolative pinacol boronic ester protecting group. Once converted to the chelator
form, FloS, its emission intensity decreases by a dramatic 70% with Cu2+ or Fe3+, with
more modest quenching in the presence of Zn2+, Co2+, or Ni2+ and no change with Na+

Ca2+, Mg2+ or Mn2+. Fluorescence microscopy studies in HeLa cells with FloB-SI showed
that the sensor’s fluorescence intensity remained unchanged until incubation with exogenous
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H2O2, which caused the cellular fluorescence to dim. Incubation with a competitive
chelator, SIH, restored the emission response, suggesting that FloB-SI was effectively
reporting on an H2O2-induced increase in intracellular labilized metal, the most likely
candidate being iron [200]. While these results are encouraging, the fluorescencequenching
response mechanism and the poor photostability of the compounds indicate that more work
remains to be done to optimize this class of multifunctional probes and use them to study the
role of metal-mediated oxidative stress in neurodegenerative disease.

7. Conclusions
Utilization of a properly designed fluorescent sensor can provide unique information about
cell biology, as has been the case most prominently since the introduction of the first
calcium sensors. The demand for molecular sensors specific for other metal ions and for
reactive small molecules continues to grow. This review focused on molecules that are
relevant particularly to those interested in the role of metal ions in neurodegenerative
diseases. The oxidative/reductive balance of a healthy vs. diseased cell will depend on the
levels of ROS, thiols, and metal ions. As we saw in the previous sections, all of these species
are potentially probed intracellularly by fluorescent molecules. Indeed, the creativity of
chemists to build appropriate molecules is impressive, but there remain many challenges
ahead before the promise of these agents is fully realized. Many of these challenges were
highlighted in the “intricacies and complications” sections throughout the text. Increasing
the sophistication of the chemistry used to design and build these agents is one pathway for
improvement, but ultimately it will require a detailed understanding of how these reagents
partition within a cell or tissue slice [201] and how their photophysical properties are altered
under different cellular conditions.
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Fig. 1.
Structure of BAPTA.
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Fig. 2.
Structures of ratiometric calcium sensors: Fura-2 and Indo-1.
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Fig. 3.
Structures of calcium sensors: Fluo-3 and Calcium Green-1.
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Fig. 4.
Structures of zinc sensors: Zinpyr family.
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Fig. 5.
Structures of zinc sensors: ZnAF family.
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Fig. 6.
Structures of zinc sensors: FluoZin-1 and FluoZin-2.
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Fig. 7.
Structures of moderate affinity Zn2+ sensors.
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Fig. 8.
Structures of ratiometric Zn2+ sensors: FuraZin and IndoZin.
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Fig. 9.
Structures of quinoline-based TSQ and zinquin Zn2+ sensors; both can form tetrahedral 2:1
complexes with Zn2+, or bind 1:1:1 with a protein-bound Zn2+ site.
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Fig. 10.
Structures of fluorescent turn-on sensors for Cu+: CTAP-1, its derivatives, and CTAP-2.
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Fig. 11.
Structures of fluorescent turn-on, targetable and ratiometric sensors for Cu+: CS1, RCS1,
Mito-CS1, and CS3.
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Fig. 12.
Structure of two-photon fluorescent sensor for Cu+: ACu1.
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Fig. 13.
Structures of ratiometric sensors for Cu2+.
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Fig. 14.
Structures of commercially available iron sensors: Calcein and Phen Green SK.

Hyman and Franz Page 41

Coord Chem Rev. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 15.
Structures of turn-on fluorescent sensors for Fe2+.
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Fig. 16.
Structure of 2′,7′-dichlorodihydrofluorescein (DCFH) and its derivatives.
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Fig. 17.
Structures of HPF and APF.
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Fig. 18.
Structures of H2O2-responsive probes.
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Fig. 19.
Structures of boronate-based fluorescent probes for H2O2.
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Fig. 20.
Structure of N-[4-(2-benzimidazolyl)phenyl]-maleimide.
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Fig. 21.
Structures of thiol sensors based on nucleophilic substitution.
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Fig. 22.
Structures of thiol sensors based on aromatic nucleophilic substitution.
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Fig. 23.
Structures of redox-based thiol sensors.
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Fig. 24.
Structures of multifunctional metal sensors, along with a reaction scheme showing the
H2O2-initiated iron binding of one example, FloB-SI.
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Scheme 1.
Cu2+-promoted hydrolysis of rhodamine or fluorescein-based chemodosimeters.
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