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ABSTRACT There is great need for stand-alone luminescence-based chemosensors that exemplify
selectivity, sensitivity, and applicability, and that overcome the challenges that arise from complex, real-
world media. Discussed herein are recent developments toward that goal in the field of supramolecular
luminescent chemosensors, including macrocycles, polymers, and nanomaterials. Specific focus is placed
on the development of new macrocycle hosts since 2010, coupled with considerations of the underlying
principles of supramolecular chemistry as well as analytes of interest and common luminophores. State-of-
the-art developments in the fields of polymer and nanomaterial sensors are also examined, and some
remaining unsolved challenges in the area of chemosensors are discussed.
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1. Introduction

The ability to detect a broad variety of analytes under a wide variety of real-world conditions is critical for
a number of applications and in a wide range of scientific, medical, political, and security realms. Broadly
speaking, chemists have been highly successful at developing detection methods for small organic
molecules,? anions®** and cations;>® biological macromolecules including peptides,’® and
oligonucleotides;® and whole cells’®!! and organisms, including bacteria’?*® and fungi.'*'®> Notable
successes include the use of these systems for the detection of 2,4,6-trinitrotoluene (TNT)*®' in the air
above land mines,!® for demarcation of tumor boundaries to enable highly effective tumor resection
surgeries,'® and for the detection of bacteria in food,? liquid,?* and the human body. %2

In all cases, the rational design of chemical sensors, or chemosensors, for detection applications requires
thorough consideration of all system components: (1) the analyte, defined as the target for detection; (2)
the recognition element, defined as the part of the sensor that recognizes the analyte; (3) the transducer,
defined as the sensor component that responds to the presence of the analyte with a change in signal; (4)
the environment (solvent? and/or solvent additives;?* gas-phase environment;? solid-state backing),?-28
and (5) all other experimental parameters, including the system temperature?® and the concentrations of all
components.*°

Figure 1. Examples of recently developed chemosensors that have all three aspects of an ideal
chemosensor: selectivity, sensitivity, and applicability.333

One classification system for understanding sensor platforms is to divide such platforms into two
categories: those that are sensitive and those that are selective. Selective sensor platforms, in this



classification, refer to those that detect only one analyte, whereas sensitive platforms refer to those that use
multidimensional analyses for the (often simultaneous) detection of multiple analytes.* Selective detection
schemes require sensor molecules, such as antibodies,**¢ enzymes,*”* or aptamers,*“° that are specific
for binding and detecting one analyte. Such systems have strong commercial successes in pregnancy
tests,*142 HIV diagnostic systems,*** and glucose monitoring equipment.®>4¢ all of which require
specificity for one analyte. However, since most analytes share similar structural features with a large range
of other molecules, identifying a sensor that binds only a single target analyte is often impractical, and
sensitive detection can be the most feasible option. To accomplish such sensitive detection, array-based
statistical analytical methods are used to create unique fingerprints for the desired analytes, which are then
used for accurate unknown identification.*’

Overarching goals of sensor chemistry is to develop sensors that have general applicability in multiple
environments, high levels of sensitivity for low concentrations of the target analyte, and good selectivity in
distinguishing that analyte from other, often structurally related or commonly co-existing compounds
(Figure 1). Often, in controlled lab settings, sensitive detection platforms will fare well, only to fall short
in circumstances where multiple analytes are present or in relatively complex environments. Selective
sensors are generally more successful in complex environments because of the extremely strong analyte-
sensor binding displayed by the sensor elements, but there is a relatively small range of molecules that can
be detected by selective methods. As discussed in a recent review by Rotello and coworkers,® a key
challenge in sensor development is the design, optimization, and implementation of systems that are highly
selective, highly sensitive, and work well in real-world environments.

Supramolecules are molecular assemblies that are held together by intermolecular forces rather than by
covalent bonds. Several features inherent to such systems make them ideal candidates for use as
chemosensors, including:*® (1) Ease of formation: Supramolecules are able to form highly ordered and
complex systems without the need for covalent bond formation, which avoids lengthy synthetic processes,
and facilitates rapid sensor development;*® and (2) Adaptive nature: The relatively weak nature of the
intermolecular interactions that underlie supramolecular assemblies means that the assemblies are adaptive,
and can change their configurations in response to a variety of external stimuli, including the introduction
of the target analyte. Such configurational changes, in turn, often lead to a measurable change in an optical
signal, including fluorescence and absorption changes. High levels of reversibility, another feature of
supramolecular assemblies that is a consequence of the labile intermolecular interactions, means that once
the external stimulus is removed, the supramolecular host can reorder to its original state.>® Supramolecular
luminescent sensors often rely on non-covalent supramolecular interactions in all areas of the sensor system,
including in sensor-analyte, sensor-fluorophore, and fluorophore-analyte interactions.®>2 System
reversibility provides significant practical advantages, especially compared with sensors that rely on
covalent bond formation, which is often irreversible and leads to single-use sensors.>® This review will
discuss luminescent supramolecular hosts, focused in particular on macrocycles, polymers, and
nanomaterials, and their use in chemosensor design. Although metal organic frameworks are also prominent
luminescent supramolecular hosts, they will not be discussed in this review, and the authors direct interested
readers to several other reviews on the topic.>°® We would also like to apologize to any researcher whose
work has been inadvertently overlooked.

Changes in a detectable signal that occur in the presence of the analyte can refer to a broad variety of
signaling elements and various types of read-outs, including changes in color (for colorimetric or
absorption-based detection);**%! changes in the Raman spectral signal (for Raman-based detection);2%3
changes in the mass of the sensor after a target analyte binds (for quartz crystal microbalance detection);%*
% or changes in any other spectroscopic,®” quantitative,®® or analytical property.®® Luminescence-based
chemosensors refer to those sensors that respond to the presence of the target analyte with a detectable
change in the luminescence signal, with the main types of luminescence being fluorescence, characterized
as an allowed, singlet-to-singlet relaxation with photon emission, and phosphorescence, characterized as a
forbidden, triplet-to-singlet relaxation with photon emission. More details about the mechanism of



fluorescence and phosphorescence are discussed in Section 2.2, below. Luminescent chemosensors require
a component that is photophysically active, in order for the target analyte to induce a measurable change in
that photophysical activity.”” The change of photophysical activity may occur through a change in the
magnitude of emission intensity, the wavelength of the emission maximum, the quantum yield, or the
relative ratios of various fluorescence/phosphorescence-emitting components.”* Multiple types of emission
changes can also occur simultaneously,’>" especially in complex detection environments.”

This review focuses on luminescent chemosensors, including their rational design, and broad-ranging
applications of such sensors in a variety of realms, including in materials science, biomedical imaging, and
national security. It starts with a review of some of the underlying principles of chemosensors, including
the non-covalent forces that govern such systems, and the mechanisms of recognition between an analyte
and chemosensor via non-covalent interactions. From there, we will review particular classes of
luminescent chemosensors, including luminescent macrocycles, luminescent polymers (both with
conjugated luminescent backbones and with luminescent pendant side chains), and luminescent
nanomaterials. Fluorescent chemosensors are much more common than those based on other types of
luminescence, and thus the majority of discussions herein are focused on fluorescence. The concluding
section of the review article includes a discussion of unsolved issues in the field of chemosensors, and how
future directions of luminescent chemosensors might address those issues.

Of note, the field of chemosensors in general, and fluorescent chemosensors in particular, is highly active
with significant numbers of chemists publishing in this field. Readers are directed to other reviews on this
important topic to supplement this one, including reviews by Anslyn,”>® Rotello,”""® Gibb,”®% Rebek,81-82
Liu,%84 and Swager.85#

2. Underlying Principles of Chemosensors
2.1. Non-Covalent Interactions

In order for a chemosensor to detect an analyte of interest, the presence of the analyte must induce a
measurable change in a read-out signal that can be detected by a user, or operator, of the sensing device.
This requires association between the analyte and the chemosensor, which can occur either via covalent®
or non-covalent interactions,Errort Beokmark not defined. - Agsociation via non-covalent interactions in sensor
design is significantly more common in the scientific literature compared with covalent association,%°
because covalent association is often irreversible (with the exception of dynamic covalent chemistry),
leading to single-use sensors. Common non-covalent interactions between the analyte and the chemosensor
include: hydrophobic association,®® electrostatic interactions,®>®® intermolecular hydrogen bonding,®
cation-n® and anion-n% interactions, and other aromatic interactions, including n-n stacking®” and edge-
face interactions.®® When designing a sensor, it is important to note that very rarely do supramolecular
complexes rely on just one non-covalent interaction.®® Combinations of several interactions are often
present, and efforts toward designing a system to achieve a myriad of non-covalent interactions are complex
and varied. Examples of such cooperativity include: a combination of n-m interactions and weak hydrogen
bonding allowing for the formation of oligophenyleneethynylene-based amphiphilic platinum(Il)
complexes;1® and a combination of cation-r, anion-r, and intermolecular hydrogen bonding facilitating the
assembly of ternary complexes of 1,3,5-triamino-2,4,6-trinitrobenzene, an anion, and a cation.'®

2.1.1. Hydrophobic Association. Hydrophobic association refers to favorable interactions that exist
between two non-polar molecules when they are found in an aqueous environment,'® with the two
molecules associating in a geometry that allows the exclusion of water.2%® Fewer interactions between the
aqueous solvent and the non-polar molecules result in a more energetically favorable system% because
water molecules at the interface with the non-polar molecules are highly ordered, and hydrophobic
association reduces the size of that interface. The history of the hydrophobic effect began in earnest in the
biochemistry community in the 1960s, with very few examples reporting hydrophobic association before
that decade.'®%" In 1967, a biochemist named Bernard Randall Baker first reported the existence of
hydrophobic association as key factor in facilitating enzyme-substrate binding and enzymatic catalysis.'%
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Other biochemists soon reported similar effects,1°911 highlighting the ubiquity of this interaction in
biological systems. Soon after that, in 1970, Ronald Breslow and coworkers reported the first synthetic use
of the hydrophobic effect to drive the design and performance of a cyclodextrin-based artificial
enzyme 112113

Examples of hydrophobic association between a supramolecular host and a target analyte include
cyclodextrin binding a hydrophobic guest in its hydrophobic interior cavity,'**1* which results in displacing
high energy water from the cavity® (so named because of its inability to form the full complement of
hydrogen bonds, Figure 2)!"18 and an overall energetically favorable binding. Such binding has been used
in chemical sensors, in cases where the binding of an analyte induces changes in the fluorescence emission
signal of a fluorophore bound (covalently!'®? or non-covalently)*?122 in close proximity, in cases where
analyte binding induces displacement of a photophysically active guest from the cavity; and in cases where
the analyte itself is photophysically active and displays photophysical changes as a result of encapsulation
in the cyclodextrin cavity.

Cucurbiturils (CBs) are another class of macrocyclic chemosensors that rely on hydrophobic association
to bind a small-molecule analyte in the interior of the cavity. As with cyclodextrins, these interactions are
favored due to the displacement of high-energy water from the macrocycle cavity. Many isomers of these
compounds exist, with the most common ones being CB[6], CB[7],**® and CB[8].** Isaacs,'?>1%
Masson,*?"128 Nau,'?® Kaifer,>® and others!® have demonstrated unprecedentedly high levels of affinity
between the CB hosts and small molecule guests. Although these supramolecular hosts are often not
photophysically active (with few exceptions),'**2 the attachment of a photophysically active moiety to the
CB core results in a read-out signal that changes in the presence of the target analyte. Synthetic cavitands,
including those developed by Gibb,3313* Rebek,'**1% and Anslyn,”>"® demonstrate markedly improved
hydrophobic association and binding affinities compared to naturally-occurring and synthetically-modified
cyclodextrins and cucurbiturils. Many of these synthetic cavitands have significant conformational
rigidity,*” which eliminates undesired flexibility in the cavity and facilitates extremely strong binding.*%




Figure 2. “High energy” water, i.e. water without a full complement of intermolecular hydrogen bonds, in
a single-file arrangement inside of a single-walled carbon nanotube. Reproduced from Ref. 139. Copyright
2017 American Chemical Society.

Hydrophobic association also occurs for polymeric chemosensors.'#®4! In one example, researchers
reported the use of highly hydrophobic nanostructures derived from block copolymers for the detection of
small-molecule nitroaromatics.*? These nanostructures were rendered water dispersible as a result of the
inclusion of non-conjugated segments, and were highly fluorescent due to their poly(p-phenylenevinylene)
block components. Analyte-induced quenching of the nanostructure’s fluorescence was used to detect
nitroaromatics at 0.5 ppm in fully aqueous environments. A variety of other examples have also been
reported.143.144

Of note, the strength of hydrophobic association between two non-polar molecules is intimately
dependent on the solvent composition,** which must be highly polar (usually aqueous) in order to favor
solvent exclusion between the non-polar molecules.**¢#" Moreover, a variety of solvent additives can be
used to tune the strength of the effective hydrophobic interactions, with additives such as chaotropic agents
decreasing the effective hydrophobicity,*® and additives such as kosmotropic agents increasing it.}4

Hydrophobic interactions are highly prevalent in well-solubilized solutions, but they can also occur in
the solid-state, at interfaces, or in a variety of other situations. For example, at the air-water interface,
hydrophobic interactions occur between non-polar molecules.’® These interactions drive the self-assembly
of ionic liquids,®™ determine how amino acids interact with lipid monolayers,'s? and are instrumental in
determining the three-dimensional conformation of enzymes.**® Computational investigations of molecules
at the air-water interface point to factors such as significant aqueous surface tension,'>* relatively high
polarity of the air,*® and the decreases in entropy associated with organized assemblies of molecules®®® as
factors that determine molecular and supramolecular behavior at these interfaces.’*” In highly polar solid
matrices, two non-polar analytes associate with energetics and geometries that closely mimic solution-state
hydrophobic binding.*® By contrast, hydrophobic interactions in the gas state are almost unheard of,** due
to the lack of an energetic driving force to compel two non-polar molecules into close proximity.2°

Classical hydrophobic interactions are entropy-driven and occur due to the increase in the disorder of
water molecules when they are removed from the well-ordered interface with the non-polar analyte and
become part of the bulk aqueous solvent. Of note, small enthalpic contributions are generally also
present.1®:162 Rigorous studies of certain systems, such as the inclusion complexes formed between bile
salts and B-cyclodextrin,'®® have described non-classical hydrophobic effects that are driven by enthalpy.1®*
Because the energetic driving force of hydrophobic association can have both entropic and enthalpic
contributions, the primary thermodynamic driving force for a given host-guest system cannot be fully
assumed unless proper studies are conducted, including isothermal titration calorimetry (ITC)*® and
computational studies.®®

Hydrophobic interactions are usually measured by determining the strength of binding between two non-
polar molecules and conducting rigorous experiments to rule out other possible interactions, thus
determining by exclusion that hydrophobic interactions must be occurring. Various types of computational
modeling have also been used to support the existence of a hydrophobic interaction, although questions
about the simplifying assumptions inherent in such computational methods remain, as do questions about
the accuracy of some of the results.'®®%” These questions arise because although computational work can
be highly accurate for extremely small systems, the significant computing resources required to achieve
similar accuracy for larger systems is often prohibitive, resulting in the use of multiple simplifying
assumptions. To address this issue, Chia-en Chang®®-1° and others!’*:1"2 have developed new computational
models that are particularly effective at predicting hydrophobic association, especially in large, flexible
supramolecular structures such as cyclodextrins.

2.1.2. Electrostatic Interactions. Electrostatic interactions are significantly stronger than interactions
involved in intermolecular hydrophobic association, with gas-phase binding strengths that approach

5



covalent bond interactions, although they are often weakened in water due to ion solvation.1’31"4 Examples
of using electrostatic interactions in luminescent chemosensors include the use of fluorescent cationic
polyelectrolytes, developed by Bazan,®'>17® Heeger,!’"1"8 LeClerc,® and Liu,*%!8! to bind polyanionic
DNA and transduce that binding into noticeable photophysical changes.

One weakness that is traditionally associated with electrostatically-driven chemosensors is that of low
selectivity, because electrostatic interactions are highly promiscuous.!®218 Oftentimes, selectivity in
chemosensors needs to be balanced against sensitivity in the same systems, as factors that benefit one of
these elements can work against the other.* Selectivity is particularly challenging for high strength,
promiscuous interactions such as electrostatic interactions, especially in complex environments.'®* In the
use of cationic polyelectrolytes to bind polyanionic DNA, the authors achieve reasonable selectivity
through the use of multiple favorable electrostatic interactions,'818¢ which act cooperatively to enable high
selectivity to occur.187.188

Non-classical electrostatic interactions have been reported by Flood and coworkers in which two or more
anions were found to stabilize each other through the formation of anti-electrostatic hydrogen bonds.* For
example, dimers or multimers of bisulfate* or phosphate,'®® chaotropic anions, were stabilized by
encapsulation in a macrocyclic cavity, leading to the formation of stable 2:2 and higher order, host-guest
complexes. A crystal structure that shows an example of this binding is shown in Figure 3. Other anions,
including I, ClO4, and NOg, formed 1:1 host-guest complexes with cyanostars, with anion dimers not
forming due to their lack of hydrogen atoms. %!

Figure 3. A crystal structure of three phosphate anions stacked inside four cyanostar hosts as reported by
Flood and coworkers. Reproduced with permission from Ref. 190. Copyright 2018 Royal Society of
Chemistry.

The strength of electrostatic interactions, much like that of hydrophobic interactions, are intimately
dependent on the solvent environment.?%21% Highly polar solvents interact directly with the charged
components, and as a result partially mitigate the charge that is felt by the other system component, resulting
in a lower “effective” charge.'® Aqueous solvents, for example, orient water around both cations!®® and
anions'® in a way that facilitates solvation of the anions but decreases the effective charges and the strength
of the electrostatic interactions.'®” Electrostatic interactions in non-polar solvents, by contrast, are generally
magnified, due the inability of the solvent to solvate charged species effectively.1%1%

Electrostatic interactions exist in non-solution-state systems and are often stronger in these systems due
to lack of solvent interference. In particular, solid-state fluorescent chemosensors use electrostatic
interactions to bind polyanionic dengue viral DNA?® and polycationic serine-containing proteases.?*



Electrostatic interactions also exist in the gas phase,?°? and have been studied using gas-phase IR multiple
photon dissociation (IRMPD) spectroscopy, ion mobility-mass spectrometry (IM-MS),2% and various UV
and other IR techniques.?%

2.1.3. Intermolecular Hydrogen Bonding. The traditional definition of an intermolecular hydrogen bond
is a favorable interaction between a hydrogen atom attached to an electronegative atom on one molecule,
termed the hydrogen bond donor, and an atom with a lone pair of electrons on a different molecule, termed
the hydrogen bond acceptor (Figure 4).2°4 These interactions are generally weaker than electrostatic
interactions, but stronger than hydrophobic and other non-polar interactions. Of note, recent work has
expanded the traditional definition of a hydrogen bond to include a greater variety of hydrogen bond donors,
as long as the atom directly attached to the participating hydrogen has significant electronegative
character.?®® Hydrogen bonding under this expanded definition has been reported between a C-H bond and
an iodide anion,?® between a molybdenum and phenol proton,?®” between an sp3-hybridized C-H proton
and aromatic ring,?°® and between carboranes and aromatic rings.2%

Figure 4. Electrostatic potential map of the intermolecular hydrogen bonding between Coumarin 30 and
tetrahydrofuran (THF). Adapted with permission from Ref. 210. Copyright 2018 Springer.

Some structural motifs typically used in hydrogen bonding include squaramides,!* ureas,?? and
thioureas.?® Often, these motifs are used to drive self-assembly,?* including the self-assembly of
supramolecular hosts.?!>21¢ In one example, Bruce Gibb reported the design, synthesis, and applications of
a series of self-assembled supramolecular cavitands,?!”-2'® where the driving force for self-assembly is
through intermolecular hydrogen bonding.????! In another example, hydrogen bond-driven chemosensors
in chloroform were reported by Zimmerman and coworkers.??222® Such self-assembled architectures bound
a variety of small molecule guests, including nitroaromatics,** guanosine,?®?% and other nucleotide
bases?” with extremely high affinities, due to favorable binding of host and guest molecules with alternating
donor and acceptor groups.



Unlike intermolecular hydrophobic association, hydrogen bonding is primarily driven by enthalpy,
although highly solvent dependent??® enthalpy/entropy compensation balances have also been reported.??®
A report by Ross and Subramanian studied the thermodynamics of protein association, discovering a
temperature-dependent system in which the processes are driven by entropy and hydrophobic associations
at low temperatures, and by enthalpy and hydrogen bonding at high temperatures.?®® The researchers
asserted that the presence of hydrogen bonding can be revealed by negative values of entropy and enthalpy,
indicating that hydrogen bonds produce favorable enthalpic contributions. David van der Spoel and
coworkers employed classical molecular dynamic simulations of alcohol/water mixtures to derive
thermodynamic parameters of the hydrogen bonds present in the solvent mixtures.?®! In these situations, the
formation of hydrogen bonds was almost always enthalpically favorable and for higher concentrations of
alcohol in water, entropic barriers were present. Leung, Peng, Chou and coworkers developed a series of
oligo-a-aminopyridines with a high propensity for hydrogen bond-promoted dimerization, finding that
increasing the number of hydrogen bonding sites present led to significant enthalpic stabilization of the
dimers.??°

The existence of hydrogen bonding can be inferred through solid-state X-ray crystallography,22%
although not visualized directly, because hydrogen atoms are generally too small to be seen.?** Moreover,
the existence of hydrogen bonding in the solid state does not provide direct information about solution-state
hydrogen bonding, even when comparing the same molecule, as ample literature precedent supports the
fact that intermolecular interactions in the two states can differ widely.?*>2% Direct solution-state
measurements of intermolecular hydrogen bonding generally rely on spectroscopic measurements including
'H NMR?7 and near-2* and far-infrared spectroscopy.?*

2.1.4. Cation-r Interactions. The history of the cation-n interaction began in 1981, when chemists found
that the gas-phase interaction between a potassium cation and benzene was stronger than the gas-phase
interaction between the potassium cation and water.?*° Similar results were measured for the interactions of
other cations, including sodium and lithium cations, with benzene, demonstrating the generality of this
phenomenon and pointing to the existence of favorable cation-n interactions. Following this initial
discovery, Dougherty and coworkers used such interactions to bind a positively charged quaternary amine
guest, adamantyltrimethylammonium iodide, inside an aromatic catenane.?*%42 An example of a cation-n
interaction between benzene and NH,* is shown in Figure 5.

Figure 5. Electrostatic potential map of the cation-n interaction between benzene and NH4*. Reproduced
from Ref. 242. Copyright 2013 American Chemical Society.

Scientific consensus about the nature of the cation-n interaction is that it is primarily an electrostatic
interaction between a positively charged cation and the negative charge density that exists above an
aromatic ring.?*® Like most electrostatic interactions, larger ions produce weaker interactions because of
lower charge densities.?** Therefore, in the gas phase, the strength of cation-n interactions follows the
following order, with the smallest cation (lithium) participating in the strongest cation-r interactions:?*°



Li* > Na"> K" > Rb*

The use of the cation-r interactions in fluorescent chemosensor design focuses on the detection of cations
including potassium,?® mercury,®” and cesium.?*® Such chemosensors have been designed to take
advantage of cation-n interactions, including in the development of a supramolecular hydrogel containing
an aromatic pillar[5]arene with pendant naphthalimide arms that bind, detect, and remove mercury
cations;?*’ and with the use of a naphthylamine-derived host for the selective detection of copper.?*

The existence of cation-n interactions has been measured with a variety of methods, including the
imaging of charge transfer in a cation-n system in the gas phase.?° Initial gas-phase measurements of
cation-z interactions were much higher in magnitude that subsequent solution-phase measurements due to
the solvation of cations that occurs, to varying degrees, in virtually all solvents investigated. Nonetheless,
solution-phase cation-r interactions are particularly favored in non-polar and aprotic solvents that have
limited interactions with the cation.?5:-2 Particular examples of such interactions in biological systems
have been reported,?®*? including as essential components in the formation of tertiary protein structures.?®

Moreover, solid-state cation-n interactions have also been measured, and include examples such as
interactions between aromatic triphenylene and potassium cations,?’ between a cationic surfactant and
aromatic PAHSs in a clay matrix,?® and between alkali metal cations and an aromatic macrocyclic host.?®
The limited mobility of the cations and the aromatic moieties within the matrix limits the ability to
voluntarily adopt the most favorable intermolecular distances, but systems that position each component in
the appropriate location can use these interactions to achieve highly stable multicomponent architectures.?®

2.1.5. Anion-n Interactions. The anion-n interaction® is a relatively newly investigated intermolecular
phenomenon, especially compared to many of the aforementioned non-covalent interactions,61:%62 and there
was initially some controversy around the legitimacy of such interactions, due to their counterintuitive
nature,?%® when they were first introduced.?4255 A crystal structure demonstrating a close-range interaction
between an anion and aromatic ring, reported in 2004, unambiguously proved that anion-r interactions exist
in the solid state.?®® Following that report, evidence of solution-state anion-r interactions was discovered
via spectroscopic methods,?” and computational methods were used to obtain significantly improved
understanding of such forces.?82%° In contrast to the negative electron density that exists over an
unsubstituted benzene ring, a significant region of positive electron density exists over aromatic rings with
highly electronegative substituents, such as hexafluorobenzene.?”®2™ This positive region of electron
density can, in turn, bind to a broad variety of anions in a phenomenon termed an “anion-r interaction”
(Figure 6).
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Figure 6. (a) Electrostatic potential maps of benzene, hexafluorobenzene, and trifluorotriazene and (b)
modes of anion-r interactions as reported by Hay?’? and Albrecht.?”® Reproduced from Ref. 262. Copyright
2013 American Chemical Society.

Anion-r interactions are particularly useful in designing sensors that can detect anions, including those
with significant public health, agricultural, and security interests such as fluoride,?™* nitrate,”® and
perchlorate.?’® Of note, because anions are generally strongly solvated in aqueous solutions, anion binding
motifs generally need to be designed to either bind solvated anions or to strip (or partially strip) the aqueous
solvation shell prior to binding.?”” The extent to which anions are solvated/desolvated and how such
solvation impacts binding affinities and selectivities is a highly active research area.?’8%"®

2.1.6. m-= Interactions. n-nt Interactions refer to the interaction between the negative electron density of
one aromatic ring and a second aromatic ring to form one of three possible structures:?®° a sandwich
structure,?! a T-shaped structure,?®22% or a parallel displaced structure?®* (Figure 7). The actual structure
of the dimer that forms depends on a number of experimental and structural parameters, with two benzene
molecules in the gas phase interacting in a T-shaped geometry,?® where the negative electron cloud on one
molecule interacts with a proton (with partial positive charge) on the second aromatic molecule. In contrast,
differently substituted aromatic rings, especially those with widely disparate charge densities, will interact
to form a sandwich structure. For example, benzene and hexafluorobenzene, with significantly different
charge densities, crystallize in infinite stacks with alternating benzene and hexafluorobenzene moieties.?®
This phenomenon was first reported in 1960, where the mixture of C¢Hs and CsFs Was characterized as a
“molecular complex.”?” The third possible geometry, parallel displaced structures, is extremely rare for
single-ring aromatic moieties, and is markedly more prevalent in intermolecular interactions involving
medium and large-sized polycyclic aromatic compounds.28828°
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Figure 7. Depictions of sandwich, T-shaped, and parallel displaced modes of n-n stacking.282%

n-n interactions are extremely useful in sensing applications, especially for the sensing of aromatic
analytes.®! For example, Stoddart and coworkers have synthesized a variety of aromatic hosts that are
capable of binding aromatic guests with high affinities via m-n stacking.?®> There are large varieties of
aromatic guests that are important targets for detection due to their environmental prevalence and high
toxicities to humans, including polycyclic aromatic hydrocarbons,?® polychlorinated biphenyls,?*
bisphenol A and other bisphenol analogues,?*® and aromatic pesticides such as DDT.2% Work in the Levine
group has included the design and synthesis of aromatic ring-containing macrocycles, which have
demonstrated enhanced binding affinities for aromatic guests compared to non-aromatic cyclodextrin
hosts,?” and more efficient energy transfer between an aromatic analyte and high quantum yield aromatic
fluorophore when both are bound in the macrocycle’s interior.2®® Much of this enhanced performance is
attributed to favorable n-nt stacking interactions, and computational modeling of the complexes supports
favorable and close-range interactions between the aromatic rings in the various system components.?®

2.1.7 Halogen Bonding. Halogen bonding, which is defined as the non-covalent interaction between a
Lewis acidic halogen and a Lewis base, has gained significant attention in recent years due to its utility in
supramolecular sensing (specifically anion recognition), templated self-assembly, and catalysis.%-%!
Halogen atoms, due to their high electronegativity, can participate as electron donors in interactions with
electron acceptors including hydrogen atoms, alkali metals, or alkaline earth metals.** In cases where the
halogen atom is bound covalently to another atom, the electron density about the halogen atom becomes
anisotropically distributed, as shown in Figure 8. A band of increased electronegativity about the center of
the halogen atom, orthogonal to the covalent bond, is formed, while the end of the atom becomes
electropositive. This electropositive region is then able to form non-covalent interactions with electron-rich
sites, such as other halogen atoms. This model of explaining halogen bonding is referred to as a sigma-hole
model.**? Other models, including a lump-hole model,** have been proposed, and significant theoretical
efforts to fully explain the halogen bonding interaction have also been reported.*%*

Electrophilicend
ot «——i.e., halogen-bond
donor site

R=F Cl,Br,I,C,N, ...
X =1, Br, Cl, F, (At)

Figure 8. Depiction of anisotropic distribution in a halogen atom covalently bound to another atom.
Reproduced from Ref. 301. Copyright 2016 American Chemical Society.
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Efforts to use non-covalent halogen bonding in supramolecular chemical sensing have taken a variety of
forms. Diedrich and co-workers reported the use of halogen bonding for directing the self-assembly of
complex resorcinarene cavitands,®® with interactions gained from a single halogen bond competitive
enthalpically with that of an intermolecular hydrogen bond.3% Halogen bonding has also found utility in
luminescent chemical sensing in cases where halogen bonding can trigger assembly and/or disassembly of
a sensing element;*”” in the detection of anions in which halogen bonding between the anion and sensor is
used to achieve high selectivity;*® and in the development of sensors for biological processes, through use
of halogen bonding to modulate molecular conformations and achieve target selectivity.>*®

2.2. Mechanisms of Fluorescence

The process of luminescence is characterized by the radiative release of a photon from a molecule as it
transitions from an excited state back to its ground state configuration.t’431%31! Flyorescence and
phosphorescence, the two main categories of luminescence, are differentiated based on the excited state
from which the photon is released. The Jablonski diagram, shown in Figure 9, illustrates the difference in
these two phenomena. When a molecule is irradiated, it transitions from the ground S, state to the excited
S: state. In many cases, the molecule transitions back to the ground state via a non-radiative pathway,
known as internal conversion, in which no photon is emitted and luminescence is not observed.3¥
Alternatively, radiative decay can occur as the molecule relaxes from S; to So. During this process, termed
fluorescence, a photon is released. This radiative decay is promoted by conjugation of the molecule or the
presence of inherently luminescent atoms such as terbium or europium.®* In a final instance, the molecule
can undergo the spin-forbidden transition from an excited singlet state, S, to an excited triplet state, T4,
through non-radiative intersystem crossing. Because this is technically a forbidden transition, the likelihood
of this transition occurring is generally low, although it can be increased in cases of similarity between the
molecular geometry and vibrational levels of the molecule’s excited singlet and triplet states, as well as in
cases where strong spin-orbit coupling, often due to the heavy atom effect, is possible and can promote the
necessary spin flip.1"* Spin-orbit coupling is the mixing of the spin and orbital quantum numbers of a
molecule, and heavier atoms have a higher mixing of these two states than do lighter atoms. After
undergoing the forbidden transition, the molecule then relaxes from T1 to Sp in a radiative pathway referred
to as phosphorescence. Due to the spin-forbidden nature of phosphorescence, the lifetimes of fluorescent
and phosphorescent emissions are vastly dissimilar, with the former occurring on micro- or nano-second
timescales and the latter on millisecond-to-second timescales. It is very common to observe a change in the
fluorescence or phosphorescence emission spectra upon the formation of a host-guest association complex;
however, host-guest complexation can also lead to measurable changes is phosphorescence lifetimes,
allowing for time-gated detection®'23% in which the presence of an analyte can be detected based on the
longevity of a phosphorescence signal .1’
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Figure 9. Jablonski Diagram illustrating the electronic transitions that lead to absorbance, fluorescence,
and phosphorescence’4310311

Luminescent supramolecular detection schemes often rely on the ability of an analyte to change the
fluorescent or phosphorescent emission of a sensor molecule through the transfer of energy.®!* There are
several different mechanisms by which this energy transfer can occur: Forster resonance energy transfer
(FRET), photo-induced electron transfer (PET), and electron exchange (EE). Of note, in any given system,
multiple energy transfer mechanisms can occur simultaneously, and the possibility of multiple coexisting
mechanisms should be explicitly considered in any mechanistic investigation. The transfers are
characterized based on differences in the electron movements between the lowest unoccupied molecular
orbital (LUMO) and highest occupied molecular orbital (HOMO) of the participating molecules as
illustratedin Figure 10, as well as by the observed changes in the emission profile.}”* The fluorescent or
phosphorescent molecule in a host-guest complex can be either the energy donor, energy acceptor, or both,
depending on the electronics of the system, and thus the aforementioned transitions can lead to either
emission quenching or emission enhancement. Emission quenching occurs via the transfer of energy to the
excited state of a molecule that undergoes non-radiative decay as it transitions back to the ground state.
Conversely, emission enhancement occurs when energy is transferred to a molecule that undergoes a
radiative transition from an excited state to the ground state. Ratiometric changes in emission can also
occur, in which one peak in the emission spectrum decreases while a new peak at a significantly different
wavelength increases.®!! Often, this type of emission change is a result of the formation of aggregates of
excited state molecules. One such type of aggregate, termed an exciplex, is a complex formed from the
excited states of the donor and acceptor molecules. Excimers, in contrast, refer to aggregates of the excited
states of two of the same molecule. Other aggregates, including H-aggregates and J-aggregates, can also
form.3'” H-aggregates are characterized by co-facial stacking between the monomeric units that results in
hypsochromic shifts (or H-shifts) in the absorption spectra relative to the monomeric species.®® J-
aggregates, in contrast, are slipped-stack arrangements of monomeric units that have bathochromic shifts
in their absorption spectra and increased extinction coefficients in those bathochromically-shifted bands.3!°
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Figure 10. Molecular orbital diagram representations of the mechanisms of a) resonance energy transfer
(RET); b) photo-induced electron transfer (PET) between LUMOs; c¢) photo-induced electron transfer
(PET) between HOMOs; and d) electron exchange (EE)

The molecular orientation between the donor and acceptor can have profound effects on the efficiency
of energy transfer processes, with the effects intimately dependent on the particular energy transfer
mechanism. Specifically, Forster resonance energy transfer theory considers the relative orientation of the
donor and acceptor explicitly in the Forster equation as the orientational factor, «2.32°%21 Most commonly
this orientational factor is approximated to have a value of 2/3, which is accurate in cases where there is
unrestricted movement of both the donor and acceptor dipoles and where the movement is markedly faster
than the fluorescence lifetime of the donor.3?2 Additional mathematical relationships between the energy
transfer efficiency and the orientation of the donor and acceptor dipoles have been derived in cases where
these experimental conditions cannot be guaranteed,®? and the ability of the orientational factor to reveal
important information about the system geometry and other system-wide structural features has also been
demonstrated.3?

For energy transfer that proceeds via a photoinduced electron transfer mechanism, energy transfer
efficiencies are maximal for a co-facial, pi-stacked relationship between the electron donor and electron
acceptor.® This orientation allows for direct orbital overlap between the two system components, and
directly enables effective electron transfer to occur.3?® Such co-facial relationships have been found in a
broad variety of biologically-relevant®?’32 and materials science-related systems.2%3% Similarly, energy
transfer that results from direct electron exchange between the donor and acceptor is most efficient for co-
facially arranged donor and acceptor moieties. 332

2.2.1. FRET. Forster resonance energy transfer, or FRET, is governed by the Forster energy transfer
mechanism*"#which treats the energy donor and acceptor as two interacting dipoles.®** Although commonly
known as fluorescence resonance energy transfer, this mechanism is also applicable to phosphorescence
and other types of luminescence. FRET occurs when there is an energy match and spectral overlap between
the fluorescent emission of the donor molecule and the absorption of the acceptor molecule.®!* When this
resonance condition is met, photons emitted by the donor are absorbed by the acceptor (Figure 10a), raising
the acceptor to an excited state. The acceptor then fluoresces or phosphoresces at its characteristic
wavelength, even without direct excitation. In cases where the acceptor is not emissive, however,
fluorescence quenching due to energy transfer is observed. The extent of this energy transfer is determined
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by the degree of spectral overlap between the emission and absorption profiles of the donor and acceptor,
respectively, referred to as the spectral overlap integral, or J.33 As a result, the energy transfer mechanism
can be assessed by using the same energy donor in combination with a broad variety of fluorophores,
calculating the spectral overlap integral for each donor-acceptor combination, and comparing that to the
efficiency of the energy transfer.®*® If Forster resonance energy transfer is the predominant mechanism, the
ratio of energy transfer efficiency to spectral overlap integral should be constant.3*® Additionally, FRET is
operative over relatively long-range distances,®’ and is inversely proportional to R®, where R is the average
distance between the energy donor and energy acceptor.®® An example of a FRET-based sensing
mechanism is shown in Figure 11.

1S'C'0““'6'Ethef'M0diﬁed Fluorescence of CDs is quenched CDs are released and fluorescence
Graphene Oxide by FRET 1s restored
ME © mé\
CDs a3
18-Crown-6-Ether Car(l?gsl))ots Graphene Oxide

Figure 11. Example of a FRET-based sensing mechanism. Cationic ethylene diamine appendages of a
carbon dot were encapsulated in a crown ether affixed to a graphene oxide surface, leading to quenching
by FRET from the carbon dot to graphene oxide. Addition of potassium cation displaced the carbon dot,
prohibiting FRET and increasing fluorescence. Adapted with permission from Ref. 339. Copyright 2012
Royal Society of Chemistry.

Practical ramifications of Forster energy transfer in detection systems relates to the spectral overlap
requirement of Forster theory, which often has, as an unintended consequence, spectral overlap between
the emission spectrum of the donor and the emission spectrum of the acceptor.3*° This emission spectra
overlap means that for sensing systems that respond to the presence of an analyte with an increase in the
acceptor emission signal, residual emission from the donor is often observed even in the absence of the
target analyte. System sensitivity in such cases is compromised, often times severely, by the inability to
achieve a completely dark background. As a result, energy transfer that operates with reduced spectral
overlap between the donor and acceptor can potentially lead to higher system performance,**! and efforts
towards the development of such systems have been reported.

The inner filter effect (IFE) also describes a phenomenon wherein spectral overlap between two species
leads to the emission of an energy donor being absorbed by an energy acceptor. In this case, however, the
energy acceptor is not the luminophore, and absorption of excited state energy by the energy acceptor
prevents the excitation energy from reaching the luminophore, resulting in a filtering of the excited state
energy and a lower overall amount reaching the target compound.3#234® Although IFEs have been seen in
many cases as an undesirable mechanism, it is quickly emerging as an important non-irradiative energy
conversion model. IFE is commonly observed with nanomaterial detection platforms,343% as the
nanomaterials have high absorbing capacity and extinction coefficients.34
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2.2.2. PET. Photo-induced electron transfer, or PET, occurs when a donor-acceptor complex is formed in
which an electron can shuttle from the donor directly to the acceptor, unlike FRET in which no electron is
transferred.®*® In PET, an electron is relocated directly from the LUMO of the excited state donor to the
LUMO of the ground state acceptor, in the case where the LUMO of the donor is higher in energy than that
of the acceptor (Figure 10b); or when an electron moves from the ground state HOMO of the donor to the
excited state HOMO of the acceptor, when the former is higher in energy than the latter (Figure 10c). Both
instances of PET result in the donor having a singly occupied HOMO and the acceptor having a full HOMO
and singly occupied LUMO.™ Close proximity of the acceptor and donor is required, and the use of
covalently linked donor-acceptor pairs increases the likelihood of PET occurring. The distance dependence
of the donor and acceptor in energy transfer schemes depends largely on the operative energy transfer
mechanism. Photoinduced electron transfer in particular requires close proximity between the donor and
acceptor in order for effective orbital overlap to occur.®*” Of note, the exploitation of such strong distance
dependence to determine key structural information about a variety of experimental systems has also been
reported.3#834° In some cases, the charge transfer complex undergoes a non-radiative transition back to the
ground state and no emission profile is seen. A common mode of supramolecular sensing involves a host
that has internal PET between covalently linked donor and acceptor moieties that quenches the emission of
the species. Upon complexation with an analyte, the PET is disrupted, leading to an increase in
fluorescence.®! In other cases, the charge transfer complex can undergo a radiative transition to the ground
state. An example of a PET-based chemosensor is shown in Figure 12.

Figure 12. A calixarene host in which PET existing between the imine nitrogen lone pair and the coumarin
fluorophore is interrupted by the presence of Cu?*, leading to an increase in fluorescence.>*

Other electron transfer mechanisms that can be considered classes of PET are internal (or intramolecular)
charge transfer (ICT) and metal-ligand charge transfer (MLCT), and twisted internal (or intramolecular)
charge transfer (TICT) in which the fluorescence of a compound, such as thioflavin T,*%2 is related to the
rotary motion of certain bonds on the molecule.®® The former case typically involves conjugated n-systems
in which an electron donor and an electron acceptor are bridged by conjugation, which allows for the
migration of an excited state electron.® In the excited state, many conjugated systems, including those
with heteroatoms, have larger dipoles than in their ground state, allowing for enhanced charge transfer.3%®
Due to these strong dipoles, these species generally aggregate in solution. MLCT describes the charge
transfer that occurs from a ligand to the metal. The efficiency of MLCT is strongly dependent on a number
of experimental parameters, including the solvent environment3*® and the identity of the metal center, which
is often a transition metal.3°7:3%8

2.2.3. EE. Electron exchange (EE), or Dexter-type interactions, rely on the quantum mechanical
interactions of donor and acceptor molecules when they are in close proximity.1’* In such interactions, an
electron is transferred from the LUMO of the excited donor to the LUMO of the acceptor. Simultaneously,
an electron is transferred from the HOMO of the acceptor to that of the donor, (Figure 10d). This exchange
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of electrons, rather than the transfer of one single electron, is what differentiates this mechanism from PET.
In contrast to FRET, Dexter energy transfer requires close-range interactions between the donor and
acceptor to enable direct orbital overlap between the interacting moieties,*® and the efficiency of such
energy transfer decreases dramatically as the distance between the donor and acceptor increases.347360-3L
Collisions of the donor and acceptor molecules induce direct interactions of the wavefunctions of the
molecules, which is necessary for the electron exchange to occur, and which requires close intermolecular
distances.®¥ In order to ensure close proximity between the molecules and induce Dexter interactions, donor
and acceptor molecules can be held in fixed media such as frozen solvents or polymeric scaffolds.}’* A
particularly useful application of EE involves electron transfer between the triplet states of the donor and
acceptor molecules in a process called “sensitization.”’* Sensitization is useful in instances where an
acceptor molecule cannot undergo intersystem crossing, but instead EE from a donor molecule allows for
the phosphorescence of the acceptor molecule.

2.2.4. Other Mechanisms. Other phenomena commonly cited in the publications reviewed herein as
inducing changes in fluorescent or phosphorescent emission are: chelation enhanced fluorescence (CHEF),
chelation enhanced fluorescence quenching (CHEQ), and aggregation-induced emission (AIE). CHEF and
CHEQ describe the occurrence of fluorescence enhancement62-¢* or quenching®°2" upon the chelation of
a metal center to the sensor molecule, and thus are mentioned primarily in cation detection schemes. The
chelation of a metal center changes the electronic structure of the molecule, allowing one or more of the
aforementioned processes to take place. AIE refers to the aggregation of molecules, often induced by
complexation with a guest for the most effective detection schemes, to produce an emission response, again
most likely through one of the aforementioned mechanisms,368-370

2.2.5. Fluorescence Enhancement of Encapsulated Dyes. In the majority of cases, binding of a small
molecule fluorophore inside the hydrophobic cavity of a macrocycle host results in enhancement of the
fluorophore’s emission, with concomitant attenuation of the fluorescence signal upon displacement from
the cavity. The mechanisms that underlie such fluorescence changes strongly depend on the chemical
structures, and can occur via sterically-induced blocking of single bond rotation,*”* and/or blocking the
formation of a non-radiative charge transfer excited state.*’> For hydrophobically-driven inclusion
complexes in particular, the non-polar environment around a complexed fluorophore can also contribute to
increases in the fluorophore’s emission intensity through inducing changes in the fluorophore’s observed
dipole moment®”® and through blocking interactions between the fluorophore and the bulk solvent.*”* The
ability of macrocycle complexation to lead to decreased aggregation of the fluorophore and concomitant
fluorescence enhancements has also been reported.®™ These effects combine with the increased steric
hindrance that occurs when the fluorophore is complexed inside the macrocycle’s cavity to lead to the
overall observed fluorescence enhancement.

2.3. Quantifying Supramolecular Complexation

2.3.1. Benesi-Hildebrand Binding Constants. In 1948, Benesi and Hildebrand realized that association
complexes were forming between iodine and aromatic hydrocarbons, based on the formation of a new
absorption peak when both species were combined.®® In a subsequent publication, the same authors
reported an equation to quantify the equilibrium constant, defined as the binding strength between iodine
and an aromatic hydrocarbon, with the numerical representation of such a binding strength now recognized
as an association constant.3”” Many variations of the Benesi-Hildebrand equation have developed since the
initially reported equation (Equation 1, below), in which [G] is the initial concentration of guest, [H] is the
initial concentration of host, | is the signal intensity in the presence of guest (reported as absorbance,
luminescence, fluorescence, or phosphorescence values), lois the signal intensity in the absence of quest,
€o IS the molar extinction coefficient, and K is the association constant.

W G _ (L)Lt

log(lo/l) K_&'o ﬁ £
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Practically, the numerical data represented in this equation is often derived by plotting 1/[Host] on the x-
axis and 1/Al on the y-axis. If a linear relationship is obtained, the slope of this line is taken to represent the
association constant.®837°380 While useful, this method is only valid in cases where the concentration of
host is much higher than the concentration of the complex, and is typically only used for 1:1 host-guest
complexes,®”" although other binding stoichiometries have also been reported.®*

2.3.2. Stern-Volmer Quenching Constants. The Stern-Volmer equation, first reported in 1920,%?2
describes the quenching of a fluorophore through a dynamic, or collisional, quenching process as a result
of diffusive interactions between the fluorophore and quencher.®®® The Stern-Volmer relationship is
expressed by Equation 2, below, where Fy is the fluorescence intensity in the absence of quencher, F is the
fluorescence intensity in the presence of quencher, [Q] is the quencher concentration, and Ksy is the Stern-
Volmer constant.®

2 2 = (1+Ksy[QD)

This relationship can also be expressed in terms of luminescence lifetimes, as shown by Equation 3, below,
where 10 is the luminescence lifetime in the absence of quencher, 7 is the luminescence lifetime in the
presence of quencher, and kq is the diffusional quenching constant.®

(3) 2 = (1 +kqto[QD

T

A linear relationship is obtained in instances where dynamic quenching is the only process occurring, and
thus Ksv and kg can be calculated by plotting Fo/F vs. [Q] or to/T vs. 10[Q], respectively. However, in some
cases, static quenching, in which the fluorophore forms a stable non-fluorescent ground state complex with
a quencher, is occurring simultaneously.3 This results in a nonlinear relationship between Fo/F and [Q],
which can be described by Equation 4, below, where Ks represents the static quenching constant and Kp
represents the dynamic quenching constant.

Fo

(4) — =1 +K[QDH(A+ Kp[Q])

F

Despite its widespread usage throughout the fluorescence sensor literature, the Stern-Volmer relationship
is based on a number of assumptions, including that of a pseudo-first order quenching mechanism and an
assumption of a 1:1 relationship between fluorophore and quencher molecules.®® Thus, a number of
fluorescence systems in which analyte-induced quenching occurs cannot be described via the Stern-Volmer
relationship.

2.3.3. Association/Binding Constants. While Benesi-Hildebrand and Stern-Volmer constants are widely
recognized as sufficient estimations of binding constants, it has been realized that much more complicated
intermolecular interactions are commonly present, and thus more detailed equations that account for this
complexity are required for the calculation of more accurate binding constants. Furthermore, with the
advent of more advanced computer technologies that can process more complex equations, researchers are
moving towards the use of these equations that can provide more accurate information.3® Because these
calculations can be difficult or time consuming, a number of computer programs have been devised for the
purpose of analyzing data and determining accurate association constants, including Hyperquad?62387388
and Specfit.38°3% Readers who are interested in determining association constants manually are directed to
an excellent tutorial review by Thordarson.38¢

2.3.4. Job’s Plots. The aforementioned Benesi-Hildebrand and Stern-Volmer relationships generally rely
on the assumption of a 1:1 host-guest binding stoichiometry, yet in many instances of supramolecular
binding events formation, other stoichiometries are favored, including 1:2 complexes, 2:1 complexes, and
complicated combinations of simultaneous, co-occurring multiple stoichiometries. In 1928, Paul Job
described a method to determine the stoichiometry of a binding event,** and this method is now known as
Job’s plot, Job’s method, or the method of continuous variation. To use this method, the total concentration
of a solution of A and B is held constant, while the relative proportions of A and B are varied.**> The mole
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fraction of A (ya) is then plotted versus the normalized physical parameter (P), which is obtained using a
variety of spectroscopic techniques (fluorescence, absorbance, NMR, etc.). In cases where a 1:1 AB
stoichiometry is in effect, Pmax occurs when ya = 0.5. Likewise, Pmax occurs at xa = 0.67 with an A;B binding
mode and at x, = 0.33 with an AB> binding mode. However, care must be taken when utilizing this method,
as more complicated stoichiometric combinations, or instances where multiple stoichiometries are present,
cannot be determined using this method. These plots are also useful in gaining a rough estimation of host-
guest association constants, in that sharper peaks generally correspond to higher constants and broader
peaks correspond to lower constants.3%

2.3.5. Limits of Detection and Quantification. Determining a detection limit, the smallest amount of
analyte that will give an unmistakable signal, and a quantification limit, the smallest amount of analyte that
can be accurately quantified, of a given system is invaluable for the analysis of any sensor that could
potentially have any commercial or industrial application.**® The most common approach is to obtain a
calibration line of the system in question and to use the equation of that line to calculate the concentration
of analyte at the point where the signal is three times the standard deviation of the blank, for detection limit,
or ten times the standard deviation of the blank, for quantitation limit. However, there are numerous
methods for the determination of these limits, many of which are described in a review by Belter et al.>%

3. Common Fluorophores.

The rational selection of fluorophores for a particular sensor application can be guided by a range of
theoretical and/or practical considerations, including: (a) the need for fluorophores that absorb and/or emit
in a target spectral region, in order to act as effective energy acceptors; (b) concerns about solubility of the
fluorophores in a broad range of environments, in order to maintain high performance for biological,
aqueous-phase applications; (c) stability of the fluorophore to a range of temperatures, solvents, pH values,
and other experimental parameters, as dictated by the target application; and (d) the ability to access the
fluorophores readily via synthetic means and/or via commercial sources. Table 1 briefly reviews some key
parameters of various fluorophore classes associated with these considerations, and the reader is encouraged
to consult this table as a helpful guide for their rational fluorophore selection procedures.

- Stokes I\/_Iola_r
Fluorophore Solubility Absorbance | Emission Qua_mtum shifts extlr_1c_t|on References
(nm) (nm) yield (nm) coefficients
(M cm?)
Poor 40000-
BODIPY agueous 500-620 505-750 | 0.60-0.90 | 5-130 394,395,396
o 110000
solubility
Poor 0.9in 300000
Squaraines aqueous 630-670 650-680 organic 10-60 397,398,399
solubility solvents
: organic 0.0025- 130000-
Cyanines solvents, 645-800 660-920 0.32 15-200 688000 400,401,402,403
agqueous
Fluorescein Aqueous 499 510 oo | m 92300 | 404,405,406,407
Polar 0.67 in
Eosin Y organic, and 526 539 efhanol 13 112000 408,409,407
agueous
Polar 0.48 in
Pyronine Y organic and 547 5669 efhanol 26 69200 410,411
aqueous
Polar
organic
. solvents, 0.7-0.98 in 85700-
Rhodamine Weak 500-570 | 520-580 | " oyong | 1080 116000 | 412,406,413,407
fluorescence
in water
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Polar .
. . 0.2in 404, 407
Acridine Orange organic, 435 530 ethanol 95 27000 414,415,416
aqueous
Polar 360
N-Methylacridinium organic, 490 a 130 19953 417, 418
aqueous
Lucigenin Polar 368, 455 506 0.67 138 | 342000/7400 419
organic
Polar 92000 in
. 0.04in ethanol
Methylene Blue organic, 666 686 ethanol 20 84000 in 420, 421, 422
aqueous
water
Polar .
Thionine organic, 460 610-625 0.020in 150- 28000 423, 424
ethanol 165
aqueous
Polar .
Neutral Red organic and 460 625 0.044 in 165 15500
ethanol 425, 407
aqueous
Nile Blue Aqueous 625 674 0.27 in 49 67000
ethanol 426
Isoquinolines Acetonitrile 260 368 0.24 108 a 427
Agueous,
. Poor 257, 340, 555 0.028 in
Berberine solubility in 421 ethanol | 134 a 428, 429
THF
i 0.001in
Palmatine Aqueous 349, 420 525 DMSO 125 a 430 431
Polar
Coptisine organic, 402 559 a 157 a 432,433, 434
aqueous
Rvlene Insoluble in
Y polar 350-650 380-670 0.08-0.99 20 38000-85000 435,436,407
Luminophores
solvents
Insoluble in
polar
- solvents, 0.97 in
Perylene Diimide - 552 536 11 50000 420, 407
soluble in toluene
chloroform
and toluene
0.0032-
Coumarins Nonpolar | 558 454 | 395550 | 0.82in | <30 | 5700-54000 | *37»407.438,
solvents 439
ethanol
Moderate
aqueous .
. o 0.08 in 440, 441,
Thiazole Orange solublllt_y, 500 533 PBS 33 63000 442,443 444
soluble in
methanol
Poor 0.50 in
Luminol agqueous 365 415 : 50 7636 445, 446
. ethanol
solubility
Poor
. solubility in 34000-
Diketopyrrolopyrrole most 499-655 560-695 | 0.009-0.96 | 34-107 556000 447,448,449,450
solvents

Table 1. Comparison table of the physical properties of common fluorophores. a) No relevant information
found.

The full list of fluorophore classes discussed in this review are shown schematically in Figures 13-19, and
include the following important classes:

3.1. Zwitterionic. (Figure 13)
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3.1.1. BODIPY: Boron dipyrromethene, abbreviated as BODIPY, represents a class of fluorophores with
extremely high quantum yields,*! with absorption and emission maxima usually in the green spectral
region.®*®%2 The position of these maxima, as well as other photophysical properties of these compounds,
can be tuned via substitution, at the central (i.e. meso) carbon,*2 on the pyrrole rings,** or at the boron
center directly.*> BODIPY dyes with emission maxima in the near-infrared spectral region have been
reported,**® with extended aromatic conjugation, increasing the absorption and emission maxima.*” Many
BODIPY fluorophores are commercially available, and others are readily accessible synthetically via
condensation of the appropriate pyrrole with an aromatic aldehyde, followed by reaction with a suitable
boron precursor to obtain the target fluorophore.**84%® Many BODIPY fluorophores can be made water
soluble via substitution with oligoethylene glycol chains or other solubilizing groups.*®® Higher order
BODIPY architectures, including dimers,** trimers,*2 and polymers,*®® have been reported, and many
BODIPY constructs maintain high quantum yields even in the solid state.*®* As a result of their favorable
properties, BODIPY fluorophores have been used in a number of luminescent sensing schemes, including
as high quantum yield energy acceptors from aromatic toxicant donors,? 4% as part of white light-emitting
constructs,*®%47 and as transducing elements for the detection of phosgene,*® a toxic gas; mercury*®® and
copper*’® cations; and many other analytes."1-474

3.1.2. Squaraines are a class of fluorophores characterized by an electron deficient cyclobutenone core,
which is generally flanked by two electron rich aromatic moieties.*”® This donor-acceptor-donor (D-A-D)
architecture gives rise to unique the photophysical properties of squaraines,*’® including: (a) extremely
narrow absorption and emission bands, generally in the red- to near-infrared spectral region; (b) small
Stokes shifts; (c) high quantum vyields; (d) high extinction coefficients; and (e) often high two-photon
absorption cross sections.*”” They are easily synthesized via the condensation of squaric acid with the
appropriate aniline moieties,*’® and many squaraine compounds are commercially available.

Many of the photophysical properties of squaraines make them desirable components of luminescent
sensors, and as a result they have been used extensively in a broad variety of detection schemes. Squaraines
are effective energy acceptors when combined with energy donors,*® including conjugated polymers.*’®
They have also been used for the detection of cations,*° anions,*! gases,*®? and organic analytes.*83434
Challenges associated with the use of squaraines include their propensity to aggregate into a variety of H-
type and J-type aggregates,*®>4% and the fact that they often have only moderate aqueous stability. Attempts
to improve squaraine stability in aqueous environments have focused on inclusion of the squaraine moiety
inside the cavity of a rotaxane,*®’” cyclodextrin,*® or synthetic cavitand, which protects the squaraine from
undesired degradation and limits uncontrolled squaraine aggregation. Of note, a broad variety of squaraine-
derived compounds have been reported in the literature, including squaraine dimers,*® oligomers,** and
polymers.*® Many of these squaraine derivatives have even stronger luminescent properties than the
monomeric squaraine and have been used for high performance sensor applications,*924%3

3.1.3. Cyanine dyes are near-infrared emitting, zwitterionic organic dyes characterized by a polymethine
backbone capped by charged, conjugated end groups.*® The high degree of conjugation and well-defined
molecular symmetry of cyanine dyes allow for favorable optical properties including large extinction
coefficients and high quantum yields.“%*4°* Charge delocalization exists across the length of the polymethine
backbone, often leading to red and near-infrared emission maxima. Moreover, zwitterionic salt dyes are
often used because the hard counterion charges localize the charge density and distort the symmetry of the
compound, leading to additional favorable properties for targeted sensing applications. Cyanine dyes are
used extensively in medical imaging, as tumor markers*®14% and nucleic acid labels,*®24%® due to their water
solubility, nontoxic nature, and near-infrared emission;*** and in all-optical switching applications due to
their favorable non-linear optic properties*®®4"4% Sypramolecular cyanine-G-quadruplex assemblies have
been used for the detection of mercury(11)**° and potassium,>® and cyanine aggregates have been used for
the detection of human serum albumin.5%
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Figure 13. Zwitterionic dyes commonly used in luminescent detection schemes*!-5%
3.2. Xanthone- and Xanthylium-Derived. (Figure 14)

3.2.1. Fluorescein is a commercially available fluorophore that has been used extensively for biological
imaging applications,>%250 facilitated by the ability to modify the fluorescein structure to achieve aqueous
solubility®® and by the fact that aqueous-soluble fluorescein derivatives still have high quantum yields.>%
Fluorescein can act as an energy acceptor in Forster resonance energy transfer schemes for bioimaging and
sensor applications.®® Synthetic derivatives of fluorescein have also been reported,> including caged
fluorescein variants that can be released via an external stimulus at targeted time points.>®® The use of
fluorescein as a sensor for metal cations,>® anions,%'° and small molecule toxicants®'! has also been
reported.5

3.2.2. Eosin Y is a brominated derivative of fluorescein that has been used as a photoredox catalyst.>*® It
has also been used for many of the same applications as fluorescein, including for fluorescence
spectroscopy,®** photovoltaic applications,®® and as a probe of enzymatic activity.>® In sensing
applications, it has been used for the detection of active pharmaceutical agents,®"-**° organic toxicants,?°
biological macromolecules,®?* and whole cells.>?

3.2.3. Pyronine Y is a cationic, commercially available dye which has been used primarily for the binding
of anionic moieties including oligonucleotides,>2 anionic peptides,®?* and other anionic macromolecules.>?®
It has found usage in sensing applications, including in the detection of fungicides,®® transition metal
cations,>?’ nitrite anion,>?® and glucose.5?°

3.2.4. Rhodamines refer to a group of related compounds, including Rhodamine B, Rhodamine 6G,
Rhodamine 800, and Rhodamine 123.%%° The core structure of rhodamine consists of a tricyclic heterocyclic
conjugated core connected to another aromatic ring via a central biphenyl linkage.>®* Rhodamine dyes
generally have high quantum vyields, strong two-photon absorption cross sections,®? and good
photostability, all of which are advantageous in luminescent sensing schemes.5* Rhodamine dyes are strong
energy acceptors in both Forster®3+°% and non-Forster®® energy transfer schemes. A variety of Rhodamine
derivatives have been reported in the literature, and generally available via straightforward synthetic
procedures.>¥” Rhodamines and their derivatives have been used for the detection of multiple classes of
analytes, including cations,®® anions,>*® pesticides,> and have also been used in biological imaging
applications.541-543
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Figure 14. Common xanthone and xanthylium fluorescent dyes used for luminescent detection
applications®02543

3.3. Acridine- and Acridinium-Derived. (Figure 15)

3.3.1. Acridine Orange is a water-soluble organic dye that has been reported in the literature to bind to a
variety of oligonucleotides.®** The amino groups can be protonated at low pH,** which provides
opportunities to tune the polarity, solubility, and affinity of the dye for multiple analyte types.>* Acridine
orange is commercially available, and can be straightforwardly derivatized via synthetic procedures.>:547
Both acridine orange and its derivatives have been used as components in sensors for biological
macromolecules,** small molecules such as choline,>*® explosive analytes,*° and others.1:5

3.3.2. N-Methylacridinium is a cationic organic dye. The anionic counterion is widely variable, and thus
a number of different dye salts are commercially available, including a range of substituted derivatives.>*
This dye is redox active,>®* which means that it can participate in reversible redox reactions and as part of
electron transfer processes.®® As a sensor, N-methylacridinium can detect protons,>® reactive oxygen
species,®’ metal cations,**® cyanide, and the herbicide paraquat.>® N-Methylacridinium based compounds
have also been used as tools to image and detect biological processes.60-562

3.3.3. Lucigenin is a commercially available compound that generates chemiluminescence in the presence
of oxygen® and free radicals.>®* Lucigenin has been used extensively for the detection of these species in
biological systems, as well as for the detection of hydrogen peroxide,®® nitric oxide,**® superoxide,®®’ and
chloride.>®® A variety of lucigenin derivatives have also been reported, and can have different photophysical
properties®®® and propensities towards aggregation,®® depending on the structure of the derivative in
guestion.
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Figure 15. Acridine and acridinium dyes used for luminescent detection applications®*+57
3.4. Phenoxazinium-, Phenothiazinium-, and Phenazine-Derived. (Figure 16)

3.4.1. Methylene Blue is a commercially available dye with an extremely high extinction coefficient, which
has been used as a non-toxic surrogate for organic pollutants®”* and other non-polar analytes.>”? This dye
has found additional usage in luminescent sensors for the detection of DNA,>”® Hg?*,5"* and a variety of
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other analytes.>”>>"" Of note, methylene blue is also a pharmaceutically active compound, with therapeutic
roles as an antidepressant,® as a treatment for malaria,*’”® and as an antidote for carbon monoxide
poisoning.58°

3.4.2. Thionine is a cationic, heterocyclic organic dye with a phenothiazine core®! which is structurally
related to methylene blue. A variety of thionine salts are commercially available, including thionine acetate
and thionine chloride. Thionine and its derivatives are used most commonly for staining of biologically
relevant anionic moieties,*®?%%* as well as for photovoltaic®® and solar cell applications.®® Detection
applications using thionine generally rely on electrochemical detection,>7-°% although isolated examples of
luminescent sensing have also been reported.®9-5%

3.4.3. Neutral Red is a common pH indicator, specifically for the detection of basic pHs, that is highly
water soluble due to its cationic charge.>®? Several patented uses of Neutral Red are as a colorimetric
indicator of the lifetime of a protective glove,®® as part of a humidity-responsive color-changing
wallpaper,** and as a fluorescent dye for anti-counterfeiting measures.>® In recent years, carbon dots®%:5%
and gold nanoparticles®®® have been modified using Neutral Red to generate unique optical properties.

3.4.4. Nile Blue is a water soluble, cationic dye that is very fluorescent and photostable, even in aqueous
solutions.®®® The fluorescence profile of Nile Blue is highly solvent dependent, with a propensity to form
H-aggregates in aqueous solution. Nile Blue is used most often as a pH probe due to its high sensitivity
toward changes in pH,%% but it has also become a popular modifier for nanomaterials.®°:%2 Additionally,
the dye has unique thermochromic properties, which has facilitated its usage in temperature sensing
applications.5®
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Figure 16. Phenoxazinium, phenothiazinium, and phenazine fluorescent dyes commonly used in
luminescent detection schemes®’-6%2

3.5. Isoquinolines. (Figure 17)

Isoquinolines refer to a class of fluorophores that are derived from the parent heterocyclic isoquinoline
scaffold. Although isoquinoline itself is not fluorescent, many of its derivatives are highly fluorescent,®
with absorption and emission maxima tunable throughout the visible region.*?"¢% Additional tuning of the
photophysical properties of isoquinoline derivatives can come from inclusion of the fluorophore in a
supramolecular host,%% which provides steric protection from degradation and leads to enhanced quantum
yields.5%6-6% Many isoquinoline derivatives are commercially available, and others can be synthesized via
straightforward synthetic procedures.®® Isoquinoline-derived turn-on fluorescent sensors have been used
for the detection of a variety of cations,®’%%'? and anions,®®® although concerns about the toxicity of
isoquinoline derivatives have been noted.5

3.5.1. Berberine is a yellow-emitting organic fluorophore with a long history of usage in Chinese herbal
medicine®™® and as a dye for ancient textiles.®’® As a fluorophore, berberine has been used for imaging
protein conformations,®!’ protein-protein interactions,®*® and other biochemical phenomena.®!® Berberine
has also been used in a variety of high impact sensing applications,®? including in the detection of nucleic
acids,®?! the cancer medication oxaliplatin,®?? and tumor biomarkers,%?® and as part of method to monitor
steroid depletion.®2*
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3.5.2. Palmatine is a naturally occurring cationic alkaloid with strong anti-cancer,%?® anti-diabetic,%% and
anti-cardiovascular disease®”’ therapeutic effects. Its cationic, highly planar structure facilitates its
intercalation in DNA and intercalation-assisted binding.6?-6% Palmatine has been used for the imaging of
biologically relevant targets,%31%32 and has also been used as a sensor for a variety of analytes, including a
number of pharmaceutical agents, namely cetylpyridinium chloride, an antiseptic;®*® ambroxol, a
decongestant;®** phenformin hydrochloride, an antidiabetic agent;®®* coralyne, a potential cancer
treatment;%*® and clorprenaline, a bronchodilator.5*

3.5.3. Coptisine is another highly luminescent cationic alkaloid, with utility in Chinese herbal medicine as
an anti-cardiovascular disease agent.®® Its high extinction coefficient and strong fluorescence means that it
can also be used for luminescent sensing applications, including in the detection of the cancer treatments
oxaliplatin®?? and methotrexate,®* and well as paraquat, an herbicide.** Its use in detecting certain DNA
constructs has also been reported.628.640.641

0\

o Py

e ye
ool A S
He©  cle e ©  cio o 4o
Berberine Palmatine Coptisine

Figure 17. Isoquinoline dyes that have been used in luminescent detection schemes®%-641
3.6. Rylene Luminophores. (Figure 18)

Rylenes are polycyclic aromatic hydrocarbons that are characterized by a peri-fused oligomeric
naphthalene scaffold, which have high extinction coefficients and quantum yields, but in the unsubstituted
forms suffer from limited solubility due to facile aggregation.®*? Rylene diimide dyes refer to rylenes that
have been functionalized with terminal diimide groups, which provide enhanced solubility and a structural
handle for synthetic manipulation,5® maintain high extinction coefficients and quantum yields, and reduce
the propensity for aggregation. Common applications of these dyes are in semiconductors®** and as
photosensitizers for reduced transition metals.54

3.6.1. Perylene Diimide is a high quantum yield fluorophore with absorption and emission maxima in the
500-600 nm range,® with the exact position of the peak maximum depending on the substitution on the
imide nitrogen and on the perylene core structure.®*”%% While the parent diimide is not water soluble,
perylene diimide can be made water soluble with the addition of solubilizing groups.®*° Perylene diimide
has been incorporated into a variety of higher order architectures, including dimers,%° oligomers,%!
polymers,®? and nanoparticles,®2® which often results in aggregation-induced changes in the photophysical
properties.®®* Higher order analogues of perylene diimide, including terrylene diimide®* and quaterrylene
diimide®® have also been reported, as has the lower analogue naphthalene diimide.%%® Of note, all of these
analogues demonstrate remarkable photostability to a broad range of environmental conditions,®” making
them particularly attractive for practical sensor applications.®*® Naphthalene diimide and perylene diimide
are commercially available, and several synthetic derivatives of these architectures have been reported. %6
Terrylene diimide and quaterrylene diimide, by contrast, are not commercially available, but are accessible
via straightforward synthetic pathways. ¢

The use of naphthalene diimide, perylene diimide, terrylene diimide, and quaterrylene diimide in
luminescent sensors focuses largely on their usage as high quantum yield energy acceptors,2%62 which can
be used in combination with a variety of energy donors.® In order to ensure close proximity between the
energy donor and diimide acceptor, the two components are often covalently linked,®®® or associated non-
covalently in a thin film® or nanoparticle®’ to promote close interactions. Changes in the perylene diimide
luminescence read-out signal have been used for the detection of anions®® and cations,®*957 as well as for
achieving improved understanding of macromolecular dynamics®”* and biomolecule aggregation.®”
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3.6.2. N-Methyl-2,7-Diazapyrenium (MDAP*) and N,N-Dimethyl-2,7-Diazapyrenium, while not
strictly rylene species, can be characterized as reduced naphthalene diimide derivatives due to their highly
related structures. Rather than bearing terminal diimide groups on the core naphthalene, these species are
capped by pyridine and pyrenium moieties. These fluorophores are cationic heterocyclic compounds with
strong extinction coefficients and quantum yields.®”> MDAP* is a known DNA intercalator,®”* and forms
charge transfer complexes with the nucleobases upon such intercalation.®” The utility of this fluorophore
as a luminescent sensor centers mostly around its ability to detect certain DNA constructs.®”
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Figure 18. Rylene dyes that have been used for luminescent detection schemes®42-67
3.7. Other Common Luminophores. (Figure 19)

3.7.1. Coumarins are a large class of organic fluorophores,®”® with absorption and emission maxima
throughout the visible spectral region, depending on the molecular structure.®’”” Many coumarins are
commercially available, and a variety of other synthetic derivatives have been reported as well.®”® These
functionalized derivatives can possess strong therapeutic properties,®”® high aqueous solubility®° and/or
other desirable properties such as improved photostability. Of note, the relatively small structure of
coumarins compared to other high quantum yield fluorophores means that they can fit into relatively
confined spaces,®® such as small intracellular compartments®®? and inside organic macrocycles.®® Such
confinement generally leads to improved quantum yields and reduced degradation rates,%* and can provide
important information about detailed structural features in biological environments.®®> Coumarins have
been used as sensors for broad varieties of analytes, including cations,®® anions,®®” small molecule
toxicants,'?? and biological macromolecules.® Their sensitive emission spectra with a strong dependence
on the local microenvironment makes coumarins excellent sensors for such environments, and their
favorable photophysical properties overall facilitate their usage in high performance luminescent sensing
systems, 68969

3.7.2. Thiazole Orange is a commercially available, high quantum vyield fluorophore that emits strong
fluorescence upon binding to nucleic acids,®®* resulting in highly sensitive nucleic acid sensing®? and DNA
imaging.5% This fluorophore has been conjugated to peptides,’® DNA,%* RNA 5% and other oligonucleotide
variants,®® and its high cell permeability and intracellular stability means that these tagged macromolecules
can be readily imaged in vivo.%°"%% Because the fluorescence of thiazole orange is highly sensitive to the
presence of exogenous contaminants, it can be used for the detection of a broad variety of analytes,
including tetracycline, an antibiotic,%®® cations,’®"% melamine, a highly toxic comopound used in the
production of plastics,’® and other analytes of interest.”%37%4

3.7.3. Thioflavin T is a benzothiazole-based ultrafast molecular rotor, which means that in its excited state
it exhibits non-radiative torsional motion and limited fluorescence emission.*”® When the torsional motion
is hindered, radiative decay pathways occur, resulting in strong fluorescence emission. Such restricted
rotation can occur when the fluorophore is in viscous solvents, intercalated in DNA,’® or encapsulated in
a macrocycle’® " or nanocavity.’® Thioflavin T has been used to study the formation, aggregation, and
inhibition of amyloid fibrils, which are linked to neurodegenerative diseases such as Alzheimer’s
disease.”%%-71!
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3.7.4. Luminol is used widely in forensic science for the detection of blood at very low concentrations and
on a variety of surfaces,’*? and is a popular tool for explaining forensic science in chemical education.”3714
Chemiluminescent detection strategies for small molecules using luminol as the photophysically active
transducer have been developed, many of which use luminol in conjunction with nanomaterials.’>78

3.7.5. Bromothymol Blue is a sulfonphthalein dye with a highly sterically congested structure that has
strongly pH-dependent optical properties, and as a result can be used for pH detection applications.”®
Bromothymol Blue has also been used as a dye for textile applications.”? Recent applications include
incorporation of bromothymol blue in a microgel for the colorimetric detection of metal cations,’?* inclusion
of the dye in a paper-based microfluidic device,’?? and use of the dye in a thin film pH sensor.”?

3.7.6. Diketopyrrolopyrrole dyes were first discovered in 1974 by Donald Farnum and coworkers’?* and
are typically synthesized by the facile condensation of nitriles with succinic acid ethers or by other similar
methods.**" Simple modification of diketopyrrolopyrroles at the secondary amine position provides strong
fluorescence intensity, and further reactions at the carbonyl carbon or carbon-carbon double bond are
common.’® The n-conjugated bicyclic dilactam core of these molecules is responsible for extremely strong
intermolecular m-m stacking in the solid state that result in low solubility, excellent thermal and
photostability, and high quantum yields.*4”7?5 Diketopyrrolopyrroles are efficient fluoride probes due to the
ability of fluoride to easily form hydrogen bonds with, or deprotonate, the secondary amines,’?® and many
such fluorescence-based detection schemes have been developed.’?5:727.72¢ These species have also been
used in bioimaging’?®73%.73 and organic solar cells.”?7%
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Figure 19. Other luminophores that have been used in luminescent detection applications®76-"3
4. Common Analytes

A broad variety of analytes, shown in Figures 20-26, are discussed in this review, and they can be divided
into the following analyte classes:

4.1. Cations

Cations that are biologically relevant, highly toxic’**"® and industrially useful”® are important detection
targets for luminescent chemical sensors. Biologically relevant cations refer to those that are found in living
systems, and whose presence, within a tightly regulated concentration range, are essential for biological
activity.” Included in this class are cationic enzyme cofactors, including molybdenum,”® zinc,”* and
iron;’* cations that are necessary for neuronal signaling pathways, including potassium”! and sodium; "2
and cations that are involved in biologically necessary electrolyte homeostasis, including calcium’ and
magnesium.’* Toxic cations include those that are radioactive, such as cesium which was released in the
aftermath of the Fukushima nuclear disaster;’* cations that contaminate the water supply, such as lead
which contaminated the water in Flint, Michigan;’*® and transition metal cations that are often necessary
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for effective syntheses’ but need to be removed from commercial pharmaceutical drugs to avoid toxic
effects,’*® such as platinum and palladium.

Methods for cation detection often rely on electrostatic complementarity of the cationic analytes with the
anionic chemical sensor.”* This is a particularly effective strategy for polycationic analytes, such as
polyamines and cationic peptides,”® because the cooperativity of multiple favorable electrostatic
interactions can impart high sensitivity and selectivity.”* Another strategy, especially for alkali and alkaline
earth metal cations, is to use crown-ether type moieties to bind the target analytes.”? Linking of these
binding moieties with a luminescent transducer, through covalent linkage or through spatial proximity,’?
provides a mechanism by which cation binding is transduced into an optical signal response.”*

The ability to develop detection schemes for cations depends on a number of variables, including the
cationic charge state.” Cations with a +1 charge have markedly different solvation geometries and
propensities compared to those with +2 or +3 (or occasionally +4) charged states.”® These differences in
solvation are attributed to differences in charge density as well as the relative sizes of the cations, and can
have marked effects on energy transfer,”""® especially in biological systems,”® and on the ability to
develop effective supramolecular luminescent sensing schemes.°

4.2. Anions

Anion detection includes the sensing of both biologically relevant’®® and toxic’®? anions. Examples of
biologically relevant anions include phosphate, which represents the anionic portion of DNA and RNA;%
nitrate, which is converted in vivo to nitric oxide, a key cardiovascular signaling molecule;’®* oxalate, which
develops in acidic urine and is a reliable indicator of kidney stones;”®® and acetate, which is a component
of acetyl coenzyme A and is involved in ethanol metabolism pathways.”®® Toxic anions include cyanide,
which can be highly toxic due to its disruption to the electron transport chain;’®’ perchlorate, which is a
component of many explosives;’® fluoride, which is necessary in small quantities but in large quantities
can lead to harmful fluorosis;”®® and arsenate, which is toxic and can lead to poisoning symptoms.’’

Agueous solution-state methods for anion detection are often complicated by the strong solubilization of
the anions in aqueous solvents,’”™ which leads to a tightly bound solvation sphere.””? Nonetheless, highly
sensitive and selective anion detection using supramolecular chemistry has been developed by the group of
Amar Flood and coworkers using rationally designed supramolecular hosts.””>7" The ability of anions to
impart certain chemical reactivity that is translated into a luminescent read-out signal can also be used for
selective anion detection. In one example of such a strategy, Swager and coworkers used fluoride-induced
cyclization of moieties appended to a conjugated polymer backbone to change the polymer’s fluorescence
signal, resulting in effective fluoride detection.””

4.3. Toxicants

4.3.1. Polycyclic Aromatic Hydrocarbons (PAHSs) (Figure 20) refer to a class of organic pollutants that
contain multiple aromatic rings.””®"’® The toxicity of these pollutants varies widely, and includes highly
toxic, carcinogenic,’” and teratogenic’® benzo[a]pyrene,”® as well as naphthalene and fluorene, which
have markedly lower toxicities and are used in commercial applications.”® PAHs are known components
of oil and fuel,” and have been found in the environment in the aftermath of the Deepwater Horizon oil
spill’®* and other large-scale anthropogenic disasters.’® The detection of PAHSs in biological fluids has been
reported,’®®” in recognition of the fact that PAHs have been found in the blood,® breast milk,’® and
urine’ of individuals living in oil spill-affected regions, and such detection provides a quantitative metric
by which to assess such exposure.

Luminescent sensors for PAH analytes can detect the PAHs directly through monitoring their
absorption”! and/or fluorescence emission signals,”®? as many of these compounds have high extinction
coefficients and quantum yields.”® Indirect detection methods can provide additional advantages, including
the ability to tune the fluorescence read-out signal to generate well-separated signals for PAH analytes with
overlapping spectra.”® Indirect detection methods include the use of PAHSs as energy donors in combination
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with high quantum yield energy acceptors, where the fluorescence read-out of the energy acceptor from
excitation of the energy donor occurs only in the presence of the PAH analyte.*%579122 Other detection
methods, including those that rely on m-m interactions between the PAH analytes and conjugated
polymers,’® those that require adsorption of the PAHSs to carbon nanotube surfaces,’’ and those that bind
PAHSs in luminescent macrocycles,?®” have also been reported.

Naphthalene Anthracene Fluorene
Benzo[a]pyrene

Figure 20. Common polycyclic aromatic hydrocarbon (PAH) analytes’’¢-79

4.3.2. Pesticides (Figure 21) refer to several classes of compounds, where the main commercial usage of
the compounds is to eliminate an undesired organism, and includes insecticides (for the elimination of
certain insects),’® fungicides (for the elimination of certain fungi),”® and herbicides (for the elimination of
certain plants).8% Historically, DDT and DDT-related analogues were the most commonly used
pesticides,®* until toxicity studies demonstrated significant deleterious health effects to humans.%? Newer
pesticides have been developed and include a variety of aromatic and non-aromatic pesticides,®®
chlorinated®®* and non-chlorinated compounds,®® and both metal-containing and non-metal containing
variants.®% Although the usage of many toxic pesticides has been banned, the environmental persistence of
these pesticides means that they are still found in significant quantities in a variety of real-world
environments 2%

Detection methods for pesticides vary widely, largely because of their significant structural variability,
and include electrochemical 2% mass spectral 2*° and photophysical (i.e. spectroscopic-based)®!® methods.
Photophysically active pesticides can be detected via energy transfer-based methods, in which the pesticide
transfers excited state energy to a high quantum yield energy acceptor, resulting in bright, turn-on
fluorescence emission in the presence of the pesticide of interest.'?* Non-photophysically active pesticides
(i.e. aliphatic organochlorine compounds such as chlordane and mirex) can also be detected via close
proximity to a high quantum yield fluorophore, when such proximity is facilitated by a supramolecular
cyclodextrin host.8!! In such systems, proximity of the pesticide to the fluorophore results in highly analyte-
specific changes to the fluorophore emission, in a process termed fluorescence modulation.®2 Proximity of
pesticides to conjugated fluorescent polymers has also been reported to result in sensitive, analyte-specific
changes in the polymer emission signal 83
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Figure 21. Pesticide analytes that have been detected via luminescence’®88

4.3.3. Industrially Relevant toxicants (Figure 22) are those that have common uses in industrial settings
or are produced as a result of industrial processes. One example of such toxicants is nitrosamines, which
are toxic and carcinogenic compounds that are commonly consumed by humans®* and can be produced as
a result of salting or curing foods.®> Nitrosamines are also commonly found in tobacco products ' and are
produced via the vulcanization of rubber. A recent study discovered these compounds in rubber baby bottle
nipples and kitchen tools, though in concentrations below the regulatory limit.2” Another example of an
industrially relevant toxicant is bisphenol A (BPA), which has gained significant attention in recent years
due to its common use in food packaging®® and other plastic products, with about 4.5 million tons of BPA
produced annually,®® The prevalence of BPA is particularly concerning due to its suspected endocrine-
disrupting properties and associated reproductive toxicities.®?° Other bisphenol derivatives, including
bisphenol F and bisphenol S, are also of concern. Melamine is another industrially relevant toxicant that is
connected to bladder cancer,® female reproductive toxicity,®?? and other serious health effects.®? Its
primary industrial application is in the synthesis of melamine formaldehyde resins, which are used for the
production of laminates, coatings, adhesives, dishware, and flame retardants.82+82> Melamine has also been
used in the illegal adulteration of infant formulas and pet foods, dairy products and other consumables.?2®
One final class of industrially relevant toxicants is polychlorinated biphenyls (PCBs), which were widely
used in the industrial production of dielectric fluids®?” and in construction materials®?#2° until they were
banned from the US in 1979 and worldwide after the Stockholm Convention in 2001.8%° PCBs are classified
as persistent organic pollutants, meaning that they are toxic bio-accumulators which are prone to
atmospheric transport.83! Since the bans, both in the United States and world-wide, some PCBs have still
been formed inadvertently through industrial processes,®® further indicating the need for robust detection
procedures. PCB have been linked to cardiovascular disease,®® neurotoxicity,®*? viral infections,® and the
disruption of endocrine and thyroid hormones.®%
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Figure 22. Industrially-related toxicants that can be detected with luminescent sensors.84-8%
4.4. Explosives. (Figure 23)

The detection of aromatic explosives, including 2,4,6-trinitrotoluene (TNT), generally relies on both
electronic complementarity between the electron deficient aromatic rings of the analytes and an electron
rich chemical sensor,®® as well as on favorable aromatic n-n stacking interactions between the aromatic
analyte and an aromatic chemical sensor.2% Examples of detection systems that fit into this category include
the detection of TNT based on analyte-induced amplified quenching of a conjugated fluorescent polymer
reported by Swager and coworkers, 878317 as well as the detection of TNT using conjugated polymer
nanoparticles®®® and conjugated organosilole polymers.?* Challenges in the practical detection of TNT
relate to its low vapor pressure which complicates vapor-phase detection,! although methods to address
this issue through the detection of commonly co-existing and higher vapor pressure impurities have been
reported,842:843

The detection of non-aromatic explosives can be more challenging due to a lack of a clear spectroscopic
signature for many of these compounds.?*4#5 RDX and PETN, for example, are often detected through
monitoring the products of reactions that these analytes induce, including analyte-promoted reductions.84
In other cases, researchers have reported explosive detection via the detection of commonly co-existing
analytes including cyclohexanone,*”® which is a highly volatile additive used in explosive packaging.®*’ The
detection of other explosives and components of explosives, including hydrogen peroxide,®*® acetone 4
nitrate-based fertilizer,®° and picric acid,®! have also been reported.
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Figure 23. Explosives commonly detected using luminescent sensors835-851

4.5. Pharmaceutical Agents. (Figure 24)
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The detection of active pharmaceutical agents, including over—the-counter drugs, is particularly important
due to the increasing usage of these compounds in developed countries,® combined with their strong
environmental persistence®® that leads to their prolonged presence in water,®* soil and sediment,®® and
air.%® Because inadvertent exposure to such compounds correlates with deleterious health effects in fish®’
and other organisms,®8 as well as in people who consume such organisms,° detection methods that operate
in complex environments are sorely needed. Detection methods are also needed that can differentiate real
drugs from counterfeit®® or contaminated ones®! to prevent inadvertent exposure of consumers to
undesired contaminants, adulterated substances, or ineffective drugs.®?

Detection methods for such compounds vary widely due to significant variability in the compound
structures. Opioid detection methods tend to rely on detecting the effects of the opioids,®* in binding to a
receptor target,®®* in inducing a noticeable change in the presence of metal cations,%® or in facilitating
chemiluminescent reactions.2® The detection of over-the-counter drugs such as acetaminophen
(paracetamol) and ibuprofen can be accomplished via electrochemical,®’ photophysical,®® and mass
spectral methods,®° and many of these methods can also detect commonly occurring impurities in these
products.®”® The detection of antibiotics in complex environments has been reported using Raman
spectroscopy, aptamer-based sensors,®”* and photophysical methods.8” Luminescent sensors for opioids,®’3
over the counter drugs,®™* and antibiotics®”® have also been reported.
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Figure 24. Pharmaceutically active compounds that have been detected with luminescent sensors82-87
4.6. Biologically Relevant. (Figures 25 and 26)

4.6.1. Adenosine Triphosphate (ATP) (Figure 25) is the main source of energy for intracellular
processes,®’® due to the high energy stored in its terminal phosphate group, which is released upon the
hydrolysis to form adenosine diphosphate (ADP).8"" Large concentrations of ATP in living systems indicate
areas of robust intracellular activities;®’® conversely, depleted ATP concentrations are associated with less
active systems.®”® As such, the detection and quantification of ATP in living systems provides an important
benchmark of the system’s overall health, and indicate areas of the system that are of particular biological
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concern.®® Methods to detect ATP rely on interactions of the triphosphate groups®! and/or of the adenine
base with the sensor.®8? Selectivity for ATP vs. ADP can often be achieved via straightforward tuning of
the sensor structure, and is particularly important to distinguish a source of energy (ATP) from the structure
after the energy has been released (ADP).8 Electrochemical,®4 mass spectral 2 and photophysical®®
(including luminescent)®” methods for ATP detection have been reported. The detection of guanosine
triphosphate (GTP), an important building block in RNA synthesis®® and a source of intracellular energy
for specialized metabolic processes,®® has also been reported.8%

4.6.2. Nicotine Adenine Dinucleotide, or NADH, (Figure 25) is a ubiquitous molecule which is involved
in intracellular electron transfer processes®® that are key components of cellular metabolism.82 The
presence of NADH or its reduced form, NAD?*, can be used to indicate relevant phenomena including
alcohol intoxication,® liver disease,®* and ketamine toxicity.® Many detection methods for NADH rely
on the interaction of the analyte with NADH-dependent enzymes,?% and use detection of that enzymatic
activity (via Raman spectroscopy,®’ electrochemical sensors,®® or fluorescent sensing)®®°® as an indicator
of the presence of NADH.
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Figure 25. Examples of biologically relevant analytes for detection with luminescent chemosensors®76-8%°

4.6.3. Amino Acids are ubiquitous and indispensable®® in living systems as the building blocks of enzymes
and other proteins,® and many amino acids and amino acid-derived molecules are also signaling molecules
for biochemical processes.®®? For example, dopamine and serotonin, two amino acid-derived molecules, are
key neurotransmitters,®® and their aberrant expression has been implicated in a variety of neurological
diseases,® including Parkinson’s®® and Alzheimer’s disease.?®® Homocysteine, a non-naturally occurring
amino acid, is involved in vascular regulation®’ with aberrantly high levels of homocysteine, termed
hyperhomocysteinaemia, indicating vascular disease.®® Among the 20 naturally occurring amino acids,
leucine is a signaling molecule for muscle contraction and movement.*® Sulfur-containing amino acids,
such as cysteine and homocysteine, also play key roles in antioxidant processes and in the detoxification of
heavy metals.®

Methods for the detection of amino acids vary widely depending on the identity of the amino acid, with
aromatic amino acids detectable via UV-visible®** or fluorescence spectroscopy.®? Other amino acids
generally lack clear spectroscopic signatures but can be detected via non-covalent interactions with a
chemosensor. For example, fluorescent chemosensors bind with and detect a broad variety of amino
acids,®*® Raman-active metal nanoparticles bind and detect amino acids via changes in the Raman spectral
signals,™* and electrochemical sensors detect the presence of amino acids via changes in their
electrochemical signals.®*®
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Figure 26. Examples of biologically relevant analytes for detection by luminescent chemosensors®0-15
4.7. Other Detection Targets

4.7.1. Chirality sensing and the determination of chiral purity are extremely important in a number of
applications, including pharmaceutical development. Often, one enantiomer of a compound is
therapeutically active, while the other enantiomer is inactive or can lead to deleterious health
outcomes.?¢°" Traditional methods for determining enantiomeric excesses of molecules include high
performance liquid chromatography (HPLC),%*® mass spectrometry,®® optical rotation measurements,®2°
and circular dichroism spectroscopy.®'® While these methods provide highly accurate information, they are
generally time-consuming and require expensive instrumentation and/or highly trained instrument
operators. The use of optical probes for chirality instead of, or in complement to, these more traditional
methods can provide markedly faster read-out results with less expense required.-

4.7.2. Gases can be sensed directly in the air,%! albeit with difficulty due to their low concentrations and
rapid movement of all system components. More commonly, volatile analytes are detected by bubbling an
analyte-containing gaseous mixture through a solution containing the sensor.®?2% Differentiating certain
gases, especially hydrocarbon gases, to achieve selective sensing is inherently difficult due to structural
similarities and lack of functional groups.®”® Hydrocarbon gases are important detection targets because
they are prevalent in the atmosphere due to the production and treatment of fossil fuels,??* and are potentially
harmful to human health.®® Additionally, methane is one of the major greenhouse gases that contribute to
global warming.®2® Ethylene is also an important detection target due to its relevance in fruit ripening and
food spoilage, and in the agricultural industry.927:928
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Other important gaseous detection targets include oxygen and hydrogen sulfide. Oxygen detection is
critical in medical environments, due to the dangers of hypoxemia, defined as low oxygen in blood, and
hypoxia, defined as low oxygen in tissues, and the diagnoses associated with such conditions;*?%% in
industrial settings in food packaging;***°* and in research laboratories where asphyxiants and compressed
or cryogenic gases are commonly used.®* Oxygen detection is complicated by the fact that oxygen itself
has limited spectroscopic signals, and therefore oxygen sensors often rely on detecting oxygen-induced
reaction products.®® Multiple instances of oxygen detection using supramolecular chemosensors have been
reported, including the use of a terbium-based macrocyclic host®? and several fluorescent conjugated
polymers.®¢97 Hydrogen sulfide is a poison,®® an olfactory irritant,%2® and a serious atmospheric pollutant
that is produced as an industrial byproduct.®* It is also a natural gas and crude oil contaminant that, in
concentrations greater than 2%, can lead to a faster combustion of these fuel sources.®®® Fluorescent
macrocycle,®%%! polymer,®? and nanocluster®® hosts have been used for H,S detection in solution®?® and
in vivo,%40.941

4.7.3. VOCs. The detection of volatile organic compounds (VOCSs) is of significant interest from a variety
of perspectives. Some VOCs, such as formaldehyde,®* are known to cause significant deleterious health
effects.®** Exposure to such VOCs can occur through a variety of routes, including through the use of
commercial products,®® through proximity to urban areas,*¢ and through occupational exposure.®’ Other
VOCs, including acetone,®® aliphatic aldehydes,®*® and short chain aliphatic alkanes®° have been found in
human breath and can be used as a hallmark of a variety of diseases.®.%2%3 This research area of using
human breath analysis for disease diagnostics has received significant attention in recent years,%* with the
exciting potential for the development of personalized medicine based on analysis of the human breath
metabolome. %

Challenges in developing methods for the detection of VOC analytes include their volatility, which
makes it difficult to isolate significant quantities for analysis; the fact that they often occur as mixtures of
analytes, which complicates identification of any one analyte in the mixture;*® and the general dearth of
functional groups that provide clear spectroscopic signatures, especially for aliphatic alkanes and organic
solvents. Nonetheless, a variety of detection methods have been reported in the chemical literature, %7 %8
with the vast majority using gas chromatography-mass spectrometry (GC-MS) to accomplish such
detection.®9%0%1  The use of luminescent sensors,®®? including supramolecular luminescent
sensors,*63%4.95 has been reported as well.

4.7.4. Whole Cells®® and bacterial organisms®’ as target analytes for detection have unique associated
challenges that are not found in the detection of small molecules, anions, or cations. Of note, detection of
cells and bacteria generally relies on strategies to detect the cell membrane and/or cell wall,*® and in
particular to detect the presence of compounds or other structural features®®® displayed on or near the cell
surface. Challenges in such surface detection arise from the heterogeneity of the cell surface,®”%"* which
means that an effective sensor must bind its target among a variety of other unrelated targets, or,
alternatively, the sensor must be designed so as to interact favorably with the heterogeneity itself. The latter
strategy, while more challenging to design and execute, can lead to markedly improved targeting efficacy
due to the potential for positive cooperativity.?”? Even within one cellular sub-type, different cells often
display slightly different exterior surfaces;*’*°™ a sensor with flexibility to recognize this degree of
variability is therefore sorely needed.

Moreover, the detection of cells and bacteria almost always occurs in biological environments and
therefore requires compatibility of the sensor with the biological matrix, which includes aqueous solubility
and stability, temperature stability at physiologically relevant temperatures, and efficacy in the presence of
high total ion concentrations.®” Biological matrices also contain large numbers of potentially interfering
analytes, often present in concentrations noticeably higher than the concentration of the target analyte.®”
Thus, effective sensors for whole cells and bacteria must be able to find their target analyte even in the
presence of these interfering components, and to transduce that binding into a detectable change in signal
to enable effective detection.
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Luminescent sensors for whole cell detection have been reported by a number of research groups,
including the groups of Bunz®" and Rotello,*”® in which statistical analyses of the interactions of conjugated
polymer sensors with the cell surface membranes enabled selectivity in distinguishing cancer cells from
non-cancer cells, and in differentiating cancer cells based on their metastatic potential.®”® Of note, other,
non-luminescent methods for cellular and bacteria detection have been reported as well, including
electrochemical,®®® Raman-based,?! and mechanochemical®®? methods.

5. Luminescent Macrocycle Sensors

In general, many classes of macrocycles are particularly amenable to binding small molecule organic
compounds, which can associate with the macrocycle host via a variety of non-covalent interactions. These
non-covalent host-guest interactions are particularly strong in cases where the macrocycle is rigid, such as
for cucurbiturils (vide infra),® but also operate with reasonable strength and concomitant binding affinities
in more flexible macrocycles such as cyclodextrin.®® Compared to other luminescent supramolecular
sensors, macrocycles offer the ability to accomplish binding and detection that is highly tailored for the
particular analyte of interest. The oftentimes straightforward nature of synthetic modifications for the
macrocycle provides an additional advantage to further tailor the system components in order to achieve
optimal sensor performance. %8498

In contrast to many other macrocycle hosts that bind small molecule organic analytes with high affinities,
crown ethers and crown ether-derived macrocycle hosts are particularly well suited for the binding of metal
cations.®® Such binding and concomitant detection relies on strong interactions between the cation and the
chelating heteroatoms, including oxygen, nitrogen, and sulfur (vide infra).%’

5.1. Cavitands

Cavitands are cyclic molecules with enforced nanometer-sized cavities large enough to bind small molecule
guests.%®8%° |n general, these molecules are basket- or container-shaped, either comprised of a wide upper
rim and a narrower lower rim, like cyclodextrins and calixarenes; or with a symmetrical inner cavity, like
cucurbiturils and pillararenes. Rational design of cavitand supramolecular hosts allows for sophisticated
control over intermolecular host-guest interactions and enables selective small molecule recognition.*® The
relative rigidity of these structures compared to acyclic molecules promotes highly selective guest binding,
although different classes of cavitands have widely disparate rigidities, binding strengths, and binding
selectivities.®® A variety of macrocycle classes are discussed below.

5.1.1. Cyclodextrins. Cyclodextrins are cyclic oligoamyloses®***®2 composed of glucose monomers, that
adopt toroidal three-dimensional structures,®*%4 with a narrow upper rim and a wider lower rim. A broad
variety of cyclodextrin isomers occur naturally in corn and other starch sources,®® with the most common
structural isomers being a-cyclodextrin,®® B-cyclodextrin,®’ and y-cyclodextrin,®® with six, seven, and
eight glucose moiceties, respectively (Figure 27). The internal cavities of the cyclodextrins have hydrophobic
character,®®® whereas the hydroxyl moieties on the exterior of the cavity confer relative hydrophilicity and
reasonable aqueous solubilities.’® Interestingly, the solubility of B-cyclodextrin is markedly lower than
that of the other two commonly occurring isomers, due the fact that strong intramolecular hydrogen bonds
in the B-cyclodextrin create a relatively rigid structure that is poorly solvated.1%0%1002
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Figure 27. The a-,%% B-,%" and y-°® isomers of cyclodextrin

Compared to other macrocycle hosts (such as cucurbiturils!®®1%4 and synthetic cavitands'®®),
cyclodextrins have relatively flexible structures.’°® This flexibility can complicate spectral analysis of their
molecular structures and host-guest complexation behaviors, with many of the key structural components
undergoing rapid motion on the experimental time scale.1%°710% Attempts to obtain X-ray crystal structures
of cyclodextrin complexes suffer from similar challenges, with the high flexibility of the molecule leading
to relatively poor structural resolution.'®® Finally, computational work involving cyclodextrin host-guest
complexes is also complicated by having to account for cyclodextrin structural flexibility, although more
recent efforts in the development of novel computational methods have demonstrated promising success. 1

Covalently attached cyclodextrin-fluorophore conjugates can obviate many of the challenges associated
with non-covalent complexes,'°** mostly around the ambiguity of complexation structure and the distances
between the fluorophore and analyte. Moreover, in non-covalent cyclodextrin-fluorophore-analyte systems,
the analyte requires stronger binding affinities than the fluorophore in order to bind in cyclodextrin and
displace the fluorophore, which can be a challenging condition to meet.1%” Covalent cyclodextrin-
fluorophore constructs, by contrast, contain a fluorescent transducer moiety at a relatively well-defined
location relative to the cyclodextrin cavity, with the flexibility of the linker between the cyclodextrin and
the fluorophore affecting the fluorophore mobility.1%2 Such covalently-linked architectures have been made
with both B-cyclodextrinl®® and y-cyclodextrins,’®** with single fluorophores and multiple fluorescent
moieties covalently attached to the cyclodextrin hosts, and with both monomeric cyclodextrin hosts as well
as higher order cyclodextrin architectures (dimers,'° trimers,'°% and polymers).2?t” Cyclodextrins can be
modified via a broad variety of chemical reactions,®® and many of the synthetic derivatives are
commercially available, including randomly methylated B-cyclodextrin, with an average of 1.8 methyl
groups per monomer unit, permethylated -cyclodextrin, and 2-hydroxypropyl-p-cyclodextrin.*?*® Selective
synthetic modification to access non-commercially available derivatives often begins with full protection
of all the hydroxyl groups,'°% followed by selective deprotection?®?! and further reaction at the target sites
of interest.}%2? Other protecting group strategies are also available.1%231924 Using these methods, selective
mono-functionalized,’®®  di-functionalized,1°%6-1928  tri-functionalized,’®® and tetra-functionalized
cyclodextrins!®%193 have been synthesized. Synthetic modifications to the cyclodextrin structure have the
ability to dramatically change the sterics,%*? hydrophobicity,'® and charge density'®®* of the cyclodextrins,
and have enabled the installation of covalently-linked aromatic moieties.® Of interest for purposes of this
review, photophysically active (usually fluorescent) transducer moieties 1°%¢1%7 have been attached to
cyclodextrin via covalent modification.?%381%%° The functionalization of the larger secondary face!%-1042 of
cyclodextrins, so named because it contains secondary hydroxyl groups, is more challenging than the
functionalization of the narrow primary face,'*®1%* which contains more reactive, more sterically
accessible primary alcohols. Thus, secondary face modifications typically begin with the protection of the
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primary face. Several advances!® in secondary face modification strategies have been reported, including
total functionalization by epoxidation®** or copper catalysis,'**? and selective modification of the secondary
face by mechanochemical means.104

Cyclodextrins are well-known for their ability to bind a variety of non-polar small molecule guests in
their hydrophobic interiors.1%47-104° |n the absence of any guest molecules, the cavity of cyclodextrin is filled
with high-energy water molecules,®® so named because their inability to form a full complement of
hydrogen bonding results in water molecules that are of higher energy compared to the bulk solvent.%!
This water is typically displaced by a small molecule guest upon binding, which results in a
thermodynamically favored process as the water returns to the lower energy bulk solvent state. Such
cyclodextrin host-guest binding has been used for a broad variety of applications, including in the
solubilization of pharmaceutically active agents for effective drug delivery,1%21%4 in the environmental
remediation of toxic chemicals,'%%1%¢ fuel,}%” and 0il*®81%¢ through binding the toxicants in the
cyclodextrin, in odor neutralization®®1%! in functionalized filters'®? and membranes,'®® and in chiral
chromatography.1%¢4

Cyclodextrin host-guest complexes have been used as fluorescent chemosensors, and these chemosensors
can be divided into two categories: (a) covalently modified cyclodextrins, with covalently tethered
fluorescent moieties that respond to binding of the analyte with a change in the fluorescence signal;*%® and
(b) cyclodextrin association complexes, with non-covalently attached fluorophores that respond to the
presence of the analyte with non-covalent, analyte-specific interactions.

5.1.2. Modified Cyclodextrins.1®® Major challenges in the covalent modification of cyclodextrin focus
on the synthesis and purification of these complex supramolecular architectures, with singly functionalized
cyclodextrin moieties generally accessible via global protection of the hydroxyl moieties,%’ followed by
selective deprotection to reveal a single site for functionalization.'?* Doubly functionalized cyclodextrins
can also be realized by judicious choice of deprotection agent; using diisobutyl aluminum hydride (DIBAL),
for example, results in a di-deprotected B-cyclodextrin analogue with the sites of deprotection on opposite
sides of the cyclodextrin host.1%8-1071 Other di-deprotected isomers have also been reported.’”? Selective
functionalization of a cyclodextrin host with more than two fluorophore appendages requires complex
syntheses as well as often tedious purification procedures.® Of note, particular challenges of cyclodextrin
purification result from their large size, highly polar functionalities, and plethora of hydroxyl groups that
can complicate chromatographic purification.1073-1075

Efforts in the Levine group have enabled the synthesis of monomeric B-cyclodextrin moieties with
covalently attached fluorophores, either with one (compound 1) or two (compound 2) appended fluorophore
units (Figure 28).! Compared to the non-covalent cyclodextrin-fluorophore system, the covalently linked
architectures had significantly improved selectivity in response to a broad range of isomeric and analogous
hydrophobic toxicants, including aliphatic alcohols, DDT and related analogues, and PCB congeners, with
100% differentiation via array-based analysis observed. Micromolar detection limits were found for the
majority of analytes, and the discrimination of 1:1 binary mixtures of aromatic alcohols was achieved. This
improved selectivity was evident in the significant changes in fluorophore emission that occurred upon
analyte introduction for the covalently linked adducts, which were markedly higher than the changes
observed for the non-covalent adducts.

Further efforts by the same group led to the synthesis of covalently linked cyclodextrin dimers, where
the fluorophore moieties were incorporated as part of the linker backbone.*® These photophysically active
cyclodextrin dimers (Figure 28), bearing pyridine,'°® 3, naphthalene, %’ 4, or anthracene,’*’® 5, linkers,
formed inclusion complexes with squaraine fluorophores, resulting in notable fluorescence changes.
Displacement of the squaraine following analyte introduction resulted in significant changes in fluorescence
emission as well as notable color changes, observed through naked eye detection, UV-visible spectroscopy,
and quantitative RGB (red-green-blue) analyses.”®

38



OBn

BnO

n

OH HO

NH HN
o OH 0
HO o oHEN?  on
OH
o o
OH
o
oH
% HO HO OH OH o
HO
OH 0 o4 o Ho
HO OH
@?mﬂ ﬁ\& 3
OH
3
HO, OH

o
OH
HO QoH OH

HO

o)
OoH
OH
OHp
0 OH OH Mo

OH/MHO
©)
OH

HO
OH, HO oH° OH
\%é%

OH

4,5

Figure 28. Cyclodextrin hosts modified to bear fluorescent appendages, 1 and 2, or fluorescent linkers, 3,
4, and 58

Another noteworthy application of covalently-linked cyclodextrin constructs is in the detection of
biologically relevant analytes. Yang et al. functionalized an adenosine aptamer fragment with pB-
cyclodextrin and the complementary aptamer fragment with a dansyl fluorophore, which is known to form
a strong inclusion complex with B-cyclodextrin (Figure 29).1%° The presence of adenosine, the essential
nucleoside for energy production in cells, brings the two nucleic acid fragments, and thus the dansyl and
cyclodextrin fragments, into close proximity, leading to the association of the dansyl and B-cyclodextrin
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functionalities and a subsequent increase in dansyl fluorescence emission. The estimated detection limit for
adenosine using this system was calculated to be 1 pM. The authors surmised that changing the aptamer
could enable detection of a variety of additional analytes.
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Figure 29. Representation of the ability of dansyl- and B-cyclodextrin appended aptamer fragments to
encapsulate adenosine and lead to a fluorescence response using A) mono-functionalized and B) di-
functionalized adenosine aptamer fragments. Reproduced from Ref. 1080. Copyright 2015 American
Chemical Society.

The modification of B-cyclodextrin to include negatively charged pendant arms led to the selective
detection of cationic amino acids by Pettiwala et al. (Figure 30).1%%* An association complex of Thioflavin-
T and the polyanionic cyclodextrin allowed for the ratiometric sensing of lysine and arginine, with detection
limits of 40 uM and 50 puM, respectively. It was hypothesized that the cationic ends of the amino acids
associated with the anionic side chains of the macrocycle, allowing for the inclusion of the neutral segment
of the analyte in the cyclodextrin cavity. In addition to detecting lysine and arginine in purified buffer
solution, this detection system also operated efficiently in fetal bovine serum.
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Figure 30. Representation of the use of a B-cyclodextrin modified with cationic pendant arms for the
encapsulation and detection of arginine and lysine by indicator displacement. Reproduced from Ref. 1034.
Copyright 2017 American Chemical Society.

Click chemistry has been used to synthesize several fluorophore-modified cyclodextrins, including
tetraphenylethylene-functionalized 6,1%! pyrene-functionalized 7 and 8,12 and cyclodextrin dimer 9
(Figure 31).18 Compound 6 was used for the selective detection of cadmium by Zhang et al., where the
addition of Cd?* led to the formation of 6 aggregates through cadmium-induced n-m stacking of the
terphenylene moieties, resulting in fluorescence enhancements.'®! The system demonstrated a low
detection limit for Cd?* (0.01 uM), and high levels of selectivity, with only Ag* impeding effective cadmium
detection. He et al. used modified macrocycles 7 and 8 in combination with fluorophores 10 and 11 for the
detection of lectins, proteins found in legumes and grains that display strong binding to sugars. Such lectins
include soybean agglutinin (SGA) and wheat germ agglutinin (WGA), both of which can be detected with
nanomolar detection limits. %2 The 8 host and 10 fluorophore combination led to the lowest detection limit,
260 nM, of SGA via fluorescence enhancement. Similar lectins, including WGA, concanavalin A, lentil
lectin, and pea lectin had no effect on the SGA-induced fluorescence increases. Similarly, a combination
of 7 and 11 could detect WGA at concentrations as low as 735 nM without interference from the
aforementioned species. An array of cyclodextrin dimers, including 9, was used by Martos-Maldonado et
al. for the detection of bile salts, namely sodium chlorate and sodium deoxycholate, through salt-induced
fluorescence increases of the dimer in aqueous media.%?
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chemistry, and two novel fluorophores, 10 and 11,'%? with glucose-like appendages

Another example of a cyclodextrin modified with a signaling unit was reported by Feng et al.2%* In this
case, fluorescein-bound 12 (Figure 32), was used for the sensitive detection of TNT, a nitroaromatic
explosive, in aqueous media (20 nM detection limit). The inclusion of TNT in the cyclodextrin cavity
decreased the fluorescence of the system through TNT-induced fluorescence quenching with a Stern-
Volmer constant of 3.79 x 10° M. In one final example, a series of cyclodextrin-based ruthenium
complexes were synthesized by Zhang et al. and were used for highly selective detection of lysozyme, an
antimicrobial enzyme, through the binding of a lysozyme aptamer to the metallacyclodextrin host (Figure
33).1%5 The higher order cyclodextrin-ruthenium complex, containing six cyclodextrin moieties, enabled a
limit of detection (48 pM) several orders of magnitude lower than its three-cyclodextrin and one-
cyclodextrin analogues (27 nM and 239 nM, respectively).
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Figure 33. Ruthenium metallacyclodextrin complexes used by Zhang et al. for the detection of lysozyme
through the favorable binding of the complex to the lysozyme aptamer. Reproduced with permission from
Ref. 1085. Copyright 2015 Royal Society of Chemistry.

5.1.3. Ternary Cyclodextrin Association Complexes. Non-covalent cyclodextrin-fluorophore association
complexes rely on the binding of a fluorophore in or around the cyclodextrin cavity. The introduction of an
analyte to the system then causes either the displacement of the fluorophore from the cavity, co-binding of
the fluorophore and analyte in the cavity to create a ternary (i.e. three-component complex),'%® or another
permutation of the environment around the fluorophore!®’ that results in a measurable change in the
fluorophore emission signal, either in its intensity, position, or signal spectral shape.1%®

Challenges around the use of non-covalent cyclodextrin-fluorophore complexes include ambiguity about
the geometry of the guest(s) in the cavity. Moreover, ternary complexes are common only for y-cyclodextrin
(and larger) isomers, which have cavity sizes that can readily accommodate two small molecule guests
simultaneously.1%%1%%! The use of the more common B-cyclodextrin generally utilizes analyte-induced
displacement of the fluorophore from the cavity. This competitive displacement requires the analyte to have
a stronger affinity for the hydrophobic cyclodextrin cavity than the fluorophore, which is only true in some
cases. Isolated cases of ternary complexation inside a B-cyclodextrin cavity have been reported, although
generally only for small analytes.10921093

The Levine group has developed non-covalent cyclodextrin sensors based on ternary complexation
between y-cyclodextrin, a high quantum vyield fluorophore, and a target analyte, with binding of the
photophysically active analyte resulting in highly efficient, cyclodextrin-promoted analyte-to-fluorophore
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energy transfer.®> The resulting fluorophore emission via analyte excitation was used as a highly sensitive
and selective signal for analyte detection. Even in cases where the analyte was not photophysically active,
binding of the analyte in the cyclodextrin cavity resulted in proximity-induced, analyte-specific changes in
the fluorophore emission signal that were used for sensitive and selective detection.812811

In particular, y-cyclodextrin was used by the Levine group to promote energy transfer from five common
polycyclic aromatic hydrocarbons (PAHS) to near-infrared emitting squaraine dyes, as illustrated in Figure
34, with a detection limit of 1.1 uM for the anthracene analyte.”® Fluorescent dyes Rhodamine 6G and
BODIPY were also found to act as efficient energy acceptors in combination with PAHs and
polychlorinated biphenyl (PCB) energy donors, with ppm detection levels observed.® The system was
successfully employed for the sequential cyclodextrin-promoted extraction and detection of PAHs from a
variety of oils, including motor oil, pump oil, and vegetable oil, as well as from oil-contaminated seawater
samples.’® Additionally, BODIPY and Rhodamine 6G acted as efficient energy acceptors, inducing
analyte-specific fluorescence responses, in a broad variety of complex media, including coconut water,1%%
complex 0ils,1%%519% samples from environmental contamination scenarios,®” samples collected from oil
spill sites, 7 human plasma,°®** human urine,’®® and human breast milk,’®” all with mid- to low- micromolar
detection limits. These techniques rely on unique fluorescence modulation by each analyte and the use of
multiple analyte-fluorophore combinations for the creation of array-based detection schemes. Notably, this
array-based detection was used for the 96% accurate discrimination of 30 organic pollutants in purified
buffer solution and 92% accurate discrimination in human urine.?
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Figure 34. lllustration of a ternary complex in which energy transfer between the electron-rich analyte and
electron-deficient fluorophore is promoted by cyclodextrin encapsulation. Reproduced with permission
from Ref. 795. Copyright 2012 Taylor & Francis.

In addition to PAH detection using cyclodextrin-based ternary complexes, the Levine group also
demonstrated the detection of pesticides and alcohols via analogous methods. The array-based detection of
aromatic pesticides using BODIPY as an energy acceptor and a variety of cyclodextrins as supramolecular
hosts allowed for the 100% successful discrimination of structurally analogous pesticide analytes.®%*
Aliphatic analytes, including aliphatic pesticides and alcohols, could be detected using cyclodextrin-
promoted fluorescence modulation, with high sensitivity and selectivity obtained.8!2811.121

A ternary complex similar to that shown in Figure 29% (vide supra) was reported by Jin et al., in which
two fragments of an adenosine binding aptamer were functionalized with pyrene.'®8 As shown in Figure
35, in the presence of adenosine triphosphate (ATP), the aptamer fragments were brought in close
proximity. This facilitated the formation of a pyrene excimer inside the y-cyclodextrin cavity, leading to
the observed excimer emission. In the absence of cyclodextrin, by contrast, only weak excimer fluorescence
emission was observed. This ratiometric scheme detected ATP with an 0.08 uM detection limit. Of note,
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structurally similar triphosphates did not produce analogous fluorescence changes, nor did they interfere
with the detection of adenosine, and the system was effective in both Tris-HCI buffer and in human serum.

* = Pyrene

Figure 35. Pyrene appended to ATP aptamer fragments in conjunction with y-cyclodextrin for the detection
of ATP. Adapted with permission from Ref. 1098. Copyright 2013 Elsevier.

Murudkar et al. used the ultrafast molecular rotor Thioflavin-T (ThT), in combination with v-
cyclodextrin, for the fluorescence detection of surfactants containing long alkyl chains.®”® Binding of the
surfactant alkyl chain in the cyclodextrin cavity led to the formation of a ternary complex and provided
sufficient steric hindrance to ThT to prevent its non-emissive torsional motion, resulting in surfactant-
induced fluorescence enhancement.

Ternary cyclodextrin complexes with metal cations have also been reported for cation sensor
applications. In one example, 80% of the fluorescence emission of a 1,2-dihydroxyanthraquinone: (-
cyclodextrin association complex was quenched upon addition of Co?* to form a ternary complex in aqueous
solution,''* leading to a 22.7 nM detection limit. The ternary host-dye-cobalt system was then used to detect
nitrate with a 2.4 nM detection limit, which the authors propose occurred via quaternary complex formation.
Exogenous Co?" and NOs could also be detected following incubation of the host in HeLa cells. In a report
by Khan et al., copper was detected with an association complex of B-cyclodextrin and novel coumarin
derivative 13 (Figure 36).1%%° The addition of Cu?* to the system resulted in formation of a ternary complex
and quenching of the coumarin fluorophore. Of note, all other metal cations studied resulted in fluorescence
emission increases, and the presence of these cations did not interfere with sensitive (ca. 25 nM) copper
detection. Because the association complex was non-toxic to HeLa cells, in vivo Cu?* detection was also
obtained. Moreover, Jullian et al. reported that, in the absence of a supramolecular host, the emission of
fluorophore 14 decreased only slightly in the presence of Cu?".1% Yet, when dimethyl-B-cyclodextrin was
present, the fluorescence of 14 was decreased by both Cu?* and Ni?*, and the system could thus be used for
the detection of both cations, with extremely low detection limits for nickel (65 ppb) obtained. Finally, Pd?*
was detected by Stalin and coworkers using an inclusion complex of -cyclodextrin and 15, with a detection
limit of 1.0 uM obtained.*1%

13 14 15 16

Figure 36. Various novel fluorophores used in ternary (compounds 13,1%%° 14,129 and 15'1%%) and binary
(compound 16)% cyclodextrin detection schemes
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5.1.4. Binary Cyclodextrin Association Complexes. Binary cyclodextrin complexes have also been
used as sensing platforms. For example, an indicator displacement assay was used for the detection of
salicylaldehyde, a commonly used precursor in industrial processes, by Liu et al.}*%2 The target analyte
displaced 16 from the cavity of B-cyclodextrin, resulting in analyte-induced fluorescence quenching. A
sensitive detection limit of 10 nM was reported, although selectivity for salicylaldehyde compared to other
analytes was not discussed. Cyclodextrins have also been used for the detection of photophysically active
analytes without the use of fluorescent dye transducers, such as in the detection of desipramine, an
antidepressant,'1%® and p-aminohippuric acid, a kidney diagnostic agent.!®* In the presence of PB-
cyclodextrin, Jalili et al. were able to detect 70 nM of desipramine,*'® and Alremrithi et al. achieved the
detection of p-aminohippuric acid at concentrations as low as 1 uM.'%* Similarly, Abdel-Aziz et al. were
able to detect nanomolar amounts of benzo[a]pyrene, a highly carcinogenic and photophysically active
PAH, using both B-cyclodextrin and calix[8]arene as supramolecular hosts.'%

Additionally, Martinez-Tomé et al.}*% and Ning et al.}*" reported that 2-hydroxypropyl-B-cyclodextrin
increased the fluorescence emission of napthotriazole and benzotriazole, respectively. Such systems were
used for nitrite detection, in which the reaction of nitrite with 1,2-diaminonapthalene!®® or 1,2-
diaminobenzene®” formed the corresponding triazole that bound in the cyclodextrin, resulting in
fluorescence increases only in the presence of the nitrite reactant. Detection limits of 13 nM and 2.0 nM
were observed for naphthotriazole and benzotriazole, respectively. The derivatizing agents, 1,2-
diaminonaphthalene and 1,2-diaminobenzene, were also found to react with Se**, leading to some erroneous
results in the presence of this interferent.!'% In a final example of binary complex formation for analyte
detection, the encapsulation of fluorescent 2-hydroxy-1,4-napthoquinone in B-cyclodextrin increased the
solubility and stability of the dye, and facilitated its use as a fluorescent pH sensor.11%

An interesting sensing application of cyclodextrins is in their employment as organic modifiers for
capillary electrophoresis coupled with laser-induced fluorescence detection. The premise of this technique
is that a mixture of analytes can be separated chromatographically by their differential complexation with
cyclodextrin modifiers, and subsequently identified using fluorescence detection.’'®® Delaunay and
coworkers have used cyclodextrin-modified capillary electrophoresis for the separation and identification
of PAHSs. 11091110 |n this case, 19 PAHSs could be separated and identified with ppb level detection limits in
aqueous solution**® and in complex edible 0ils.}'%1 In another example, amino acids were derivatized
with fluorescein isothiocyanate, 17 (Figure 37), and detected using cyclodextrin-modified capillary
electrophoresis by Liang et al. with detection limits in the low pM levels.!*! Derivatization with a different
fluorescent modifier, naphthalene-2,3-dicarboxaldehyde, 18 (Figure 37), resulted in pM limits of
detection,'*2 and in selectivity in separating of the D- and L- enantiomers of aspartic acid.

In a separate example, the enantiomeric purity of magnesium bis(L-hydrogenaspartate) dihydrate, a
pharmaceutical agent, was determined through derivatization with o-phthaldialdehyde, 19 (Figure 37),
followed by cyclodextrin-modified capillary electrophoresis.*** Trace levels of both L-aspartic acid and
D-aspartic acid can contaminate this drug, although only the latter has deleterious effects on the human
body. The authors were able to detect the presence of D-aspartic acid in levels as low as 0.003%, with full
differentiation from its enantiomer observed. Liu et al. also detected amino acids using analogous methods
and a rhodamine-based derivatizing agent.!'* Stephen et al. reported the detection of the nucleosides
adenosine and inosine with detection limits of 1.6 uM and 4.0 uM, respectively, using derivatization with
2,4,6-trinitrobenzene sulfonic acid 20 (Figure 37),11% in the complex media of frozen rat brain tissue.
Moreover, inhibitory neurotransmitter y-aminobutyric acid was derivatized with 4-chloro-7-nitro-2,1,3-
benzoxadiazole 21 (Figure 37), by Shi et al. and detected by laser-induced fluorescence.''* Of note,
capillary electrophoresis was used to separate the functionalized derivative from the heads of houseflies
and moths, with low detection limits (16 nM) reported. In a final example of the use of cyclodextrin-
modified capillary electrophoresis coupled with laser-induced fluorescence detection, berberine, an
established herbal remedy, could be identified in solution with a 15.7 ppb detection limit.*’
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Figure 37. Derivatizing agents that have been used for the separation and identification of similar analytes

by cyclodextrin-modified capillary electrophoresis coupled with laser-induced fluorescence detection®!'!-
1113,1115,1116

5.1.5. Calix[n]arenes. Calixarenes!!®® are cyclic oligomers that are readily synthesized!!*® from the
hydroxyalkylation reaction of a phenol and an aldehyde,''?° resulting in the preferential formation of the
thermodynamically favored, four benzene ring-containing product.!!?* These molecules adopt vase
conformations, with a wide upper rim and narrow lower rim.1122 Although unsubstituted calixarenes suffer
from significant insolubility in organic solvents,!!?® the inclusion of tert-butyl substituents confer
reasonable solubility.??* Alternatively, the addition of hydrophilic substituents can be used to lend
enhanced water solubility to these species,*? and amphiphilic calixarenes have been used for drug delivery
applications.'1?6 Calixarenes are generally used in sensing applications as scaffolds on which transducing
elements are appended.127-1129

A common use of calixarenes as supramolecular hosts for fluorescence detection is as receptors for metal
cations such as copper, zinc, mercury, and lead. Chawla and coworkers developed a series of calixarenes
with fluorescent appendages derived from fluorescein,***® coumarin,®° and hydroquinoline!*®! for the
fluorescence detection of copper. Copper binding to photophysically active supramolecular sensors in
general, and calixarene sensors in particular, can result in fluorescence enhancement, fluorescence
guenching, and/or more complex changes to the fluorescence emission spectrum of the host, depending on
the host structure and the mechanism of electronic interaction between the host and the copper analyte. The
majority of calixarene-based copper sensors respond to the presence of copper with a noticeable quenching
of the fluorescence emission.1!32113 This behavior is in line with other reports where the presence of copper
induces fluorescence quenching, in both biological'!3* and non-biological systems,'**® and is thought to be
a result of energy transfer from the fluorescent energy donor to the non-fluorescent metal-ligand bonds, %
or charge-transfer type interactions.'*¥” Less common copper-induced fluorescence enhancement, such as
seen using host 23,30 can occur via copper-induced aggregation, in cases where such aggregates display
aggregation-induced emission;***® copper-induced formation of a metal-to-ligand charge transfer band, for
the right combination of copper salt and copper-chelating ligand;***® and copper-induced structural
rigidification of an already existing fluorophore, resulting in potentially significant fluorescent
enhancements.!**° While other metal cations can display similar behaviors, the effects of copper on either
fluorescence quenching or fluorescence enhancements are highly pronounced and can have potentially
significant applications in biochemically-relevant sensing schemes.

Fluorescein-bearing species 22 (Figure 38) responded to the presence of Cu?* with an increase in
fluorescence emission, resulting in sensitive (10 nM) Cu?* detection.'* Of note, this method was sensitive
for copper ions in the presence of a variety of other potentially interfering species. The addition of copper
to coumarin-appended 23 (Figure 38) was also characterized by an emission increase, as well as by a 90
nm bathochromic shift in the position of the emission maximum.° In a third report, 24 (Figure 38) was
able to detect Cu?* in tetrahydrofuran with a 0.5 uM detection limit.!*3* However, this system was not fully
selective, as Ni%*, Zn?* and Mn?* interfered with effective detection. Emission of pyrene-appended 25
(Figure 38), synthesized by Maher et al., was fully quenched upon the addition of Cu?*perchlorate, leading
to an 0.22 uM detection limit and a Stern-Volmer constant of 4.5 x 10* M™1.14 In a final example, bis-
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calix[4]arene tetra-triazole macrocycle 26 (Figure 38) formed a 1:3 host-guest complex with Cu?*, resulting
in 40 nM detection limits.!*? Of note, slightly basic pH conditions were required to produce the optimal
response, and the macrocycle could cross T-cell membranes without leading to cell death, indicating
potential biocompatibility and future biological applications.
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Figure 38. Calixarenes that have been employed for Cu?* detection30.11301131.1141,1142

Rao and coworkers developed two fluorescence-based systems for the detection of copper with
benzothiazole-appended calixarene 27'*3 and benzimidazole-bearing 284 (Figure 39). An 8-fold decrease
of the emission of 27 was observed in the presence of 10 equivalents of Cu?*, and the quenching was not
affected by the presence of up to 50 equivalents of other metal cations.!'** A detection limit for copper of
403 ppm was achieved in acetonitrile. Compound 28 was found to produce a selective ratiometric response
to Cu?*, with no other cation leading to the formation of a new emission band.*'** A 1:1 host-guest complex
was the predominant species at lower concentrations of Cu?*, and a 1:2 host-guest binding mode
predominated at higher Cu?* concentrations, with association constants of 7.24 x 10° M and 1.80 x 10%°
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M- for the first and second binding event, respectively. Competition experiments in methanol indicated
that moderate fluorescence perturbations could occur in the presence of other metal cations, with the
addition of Hg?* leading to a full fluorescence quenching of both the excimer and monomer peaks.
However, in HEPES-buffered water, mercury did not perturb the system fluorescence. Xie et al. developed
calixarene 29 (Figure 39), which was semi-selective for the detection of copper, and Sahin and
coworkers synthesized 30146 and 314" (Figure 39), which exhibited good and moderate selectivities for
copper, respectively. A final example of Cu?* detection was published by Maity et al. in which pyrenyl-
bearing 32 (Figure 39) was selectively quenched by Cu?* in a 4:1 THF/H,O solvent mixture.14
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Figure 39. Calixarenes that have been used for Cu?* detection143-1148

Rao and coworkers developed a system for the fluorescent detection of zinc in human blood serum using
33 (Figure 40).1%° Of 17 metal ions tested, zinc was the only species that increased the fluorescence
emission, with a ten-fold increase in quantum yield observed in the Zn-complexed species. Compound 33
was able to detect Zn?* in a buffer-methanol mixture with a detection limit of 36 ppb. A 1:1 binding
stoichiometry was calculated along with a Benesi-Hildebrand binding constant of 1.49 x 10° M. Of note,
strong sensitivity was maintained in human blood serum, with a 332 ppb detection limit observed
(corresponding to approximately 1.2 uM). Sutariya et al., using host 34 (Figure 40), were able to detect zinc
in human blood serum at a level of 8.7 uM, which decreased to 33 nM in acetonitrile solvent.!**° In another
example, trioxacalix[3]arene 35 bearing anthracenyl units was synthesized by Jiang et al (Figure 40).11%!
Although this macrocycle demonstrated inherently weak fluorescence in the uncomplexed state due to PET,
it was able to detect Cd?* and Zn?* via fluorescence increases, with a detection limit of 0.38 pM for the
latter in acetonitrile. 1:1 binding stoichiometries were observed for both systems, and Benesi-Hildebrand
binding constants of 35 with Cd?* and Zn* were reported to be 4.06 x 10* M* and 1.44 x 10* MY,
respectively. However, competing metal cations, including Cu?* and Fe*, hindered the zinc-induced
emission enhancement.
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Compound 36 (Figure 40), a biscalixarene species with iminophenolate linkers developed by Ullman et
al., selectively detected Zn?* and Mg?* in organic solvents.’*>? The two analytes increased the emission of
the macrocycle by inhibiting PET from the imines to the fluorescent phenols. Of note, each analyte caused
a unique fluorescence emission signal, with a 15 nm difference between the emission maxima, which
enabled accurate differentiation between the two cations. The reported detection limit for Zn?* was 0.15
ppb, which is two to three orders of magnitude smaller than previously reported limits using mono-
calixarenes with iminophenolate pendant arms.153-11% Naphthyl-bearing thiacalix[4]arene, 37 (Figure 40)
was found by Darjee et al. to be a selective sensor for zinc, even in the presence of other metal cations.!®
The 1:1 host-guest system enabled a broad linear detection range for Zn?* (1 to 740 nM), and a binding
constant was determined by Stern-Volmer analysis to be 3.16 x 10° M. Additional calixarene-based zinc
sensors containing bispyridine and terpyridine units were developed by Zhang et al***" and Li et. al.!**® The
bispyridine-modified calixarenes 38 and 39 (Figure 40) formed 1:2 host-guest complexes with zinc, leading
to unique emission changes.***” Terpyridine-appended 40 (Figure 40) formed 1:1 host-guest complexes with
Zn?* and Cd?* with a relatively high binding constant of >10° M for the former.1%
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Figure 40. Calixarenes that have been used for the detection of zinc!149-1152.1156-1158

Calixarenes with covalently attached fluorescent units have also been used for the detection of toxic
heavy metals such as mercury, lead, and cesium. In one example, BODIPY -modified calixarene host 41
(Figure 41) responded to the presence of as little as 28 uM of Hg?* by fluorescence quenching, with a Stern-
Volmer quenching constant of 3.42 x 10" M, as a result of the formation of a 1:1 host-guest complex.1!*°
Of note, the recognition ability of 41 toward mercury in a 9:1 methanol/water mixture was not significantly
hindered by other metal cations. Arena et al. developed host 42 (Figure 41), whose fluorescence was
quenched in acetonitrile by the addition of Hg?*, Cd?*, and Pb?*, with a 60% to 70% quenching
efficiency.!® When a 1:1 mixture of acetonitrile and water was employed as the solvent, however, only
mercury effectively quenched the emission of 42 and a relatively low 1.6 uM detection limit was observed.
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This system was also sensitive to pH, with acidic conditions decreasing the quantum yield of the complex,
and basic conditions leading to displacement of the bound analyte and an increase in fluorescence. In
another example, fluorescence quenching was observed during the titration of dansyl-bearing calixarenes,
such as 43 (Figure 41), with metal cations. Although not selective, the quenching ability of the metal cations
increased in the following order: alkali metals < alkaline earth metals < transition and heavy metals.!!6!
Sulfonated, water-soluble, dansyl-bearing calixarenes 44 and 45 (Figure 41) could sense the presence of
Hg?*, with detection limits of 11.4 uM and 34.2 uM, respectively,!%? and the sensing ability was maintained
in live cells. Benesi-Hildebrand binding constant values were calculated to be 666.7 M* and 733.3 M* for
hosts 44 and 45, respectively. One shortcoming of this research is that the response of the calixarenes to
other metal cations was not reported. In one final example, Erdemir and coworkers found that
triphenylamine-bearing calixarene 46 (Figure 41), was moderately selective for the FRET-based
fluorescence detection of mercury over other cations with a Benesi-Hildebrand binding constant of 7.52 x
104 M-l.1163
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Figure 41. Calixarenes that have been reported for the sensing of mercury and other metals!%-1163

Pyrene-affixed calixarenes have been reported for the detection of Pb?* by the Kumar!'®* and Sahin!!®
research groups. Kumar and coworkers developed 47 and 48 (Figure 42), for the ratiometric (for 47) and
“turn-off” (for 48) fluorescence detection of Pb?*.1*%* Ratiometric detection of Pb?* with 47 occurred
through lead-induced disruption of the pyrene excimer, resulting in a decrease in the excimer emission and
concomitant increase in monomer emission, and a detection limit of 0.49 uM. In competition experiments
with other metal cations, Hg?* was the only other metal cation to induce ratiometric fluorescence changes,
although of substantially lower magnitude than the lead-induced changes. For the quenching-based
detection of lead using sensor 48, nearly complete fluorescence quenching was observed in the presence of
10 equivalents of lead cation. Again, some Hg?* interference was observed, although 100 equivalents of
mercury were required to reach only a 25% fluorescence quench. Of note, the detection limit of sensor 48
towards Pb?* was 0.29 uM, and reversibility was demonstrated through using EDTA to remove and
sequester Pb?* from the 48 cavity. Compounds 49 and 50 (Figure 42), were used for semi-selective Pb?*
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detection, with fluorescence quenching of 49 caused by Pb?" and Zn?*, and quenching of 50 caused by Pb?*
and Cu?*.11% The fluorescence response of these hosts was thought to proceed through a PET mechanism,
with metal coordination inhibiting charge transfer from the pyrene moieties to the amine nitrogen atoms,
leading to the observed fluorescence decreases. Stern-Volmer quenching constants of 49 with Pb?" and Zn?*
were found to be 3.15 x 10* M and 3.15 x 10° M, respectively, while the Stern-Volmer constants of 50
with Cu?* and Pb?" were 1.49 x 10* M and 8.15 x 10° M,

Cesium was successfully detected by several calixarene-crown ether macrocycles.!1¢51167 |n one example,
BODIPY-bearing species 51 and 52 (Figure 42) bound to both K* and Cs*, with a stronger binding to Cs*
observed due to steric complementarity between the size of the host cavity and the cesium atomic radius.
The complexation of Cs™ with 51 led to a bathochromic shift and small increase in emission, whereas
complexation with 52 led to a hypsochromic shift and slightly larger emission increase.!® In a later
publication, coumarin-containing 53 (Figure 42) was integrated into a microfluidic device that detected Cs*
with a 1.4 uM detection limit.!'%” Competition experiments indicated that 0.02 equivalents of other cations
(relative to cesium) did not compromise the 53 detection sensitivity.

Figure 42. Pyrene-bearing calixarenes and crown-ether-modified calixarenes that have been used for heavy
metal detection!!®+1167
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Other metal cations that have been detected by calixarenes include iron, chromium, gold, silver, and
aluminum. In one example, Zhan et al. used a calixarene with pyridine-containing arms, 54 for the sensitive
(0.5 uM detection limit) and selective detection of Fe* by iron-induced fluorescence quenching, with the
proposed mechanism of quenching due to the reversal of PET.!% An association contant of 1.76 x 10* M
was calculated using the Benesi-Hildebrand equation for the binding of 54 with Fe3*. Using nanoparticles
of 54 rather than the monomeric calixarene caused an increase in the fluorescence detection limit, to 125
uM. Zheng et al. discovered that Fe** could also be detected by 55, a rhodamine-armed thiacalixarene,
although with some loss of selectivity observed, as evident by signal changes in the presence of Cr3*,116°
The addition of these metal cations to 55 leads to the ring opening of the spirolactam and a concomitant
increase in fluorescence emission due to increased conjugation. This transformation was reversible with the
addition of diethylenetriamine, which sequestered the cations and re-formed the spirolactam. Detection
limits for Fe** and Cr® were 35 nM and 160 nM, respectively, and the system maintained high detection
performance even in tap water samples.

Lotfi et al. discovered that, upon the addition of Ag* to 56, a unique hypsochromic shift in emission
occurred, allowing for selective detection that was minimally affected by competing cations (Figure 43).117°
In simulated physiological conditions ([Na*] = 145 mM, [K*] = 5 mM, [Mg#] = 2 mM, and [Ca?*] =5
mM), the detection limit of Ag* was 23 uM, somewhat higher than the 6.3 uM observed in a 3:7 HEPES
buffer/methanol mixture. In another example, Memon et al. developed systems for the detection of Aus+117
and APF*172 ysing calixarenes 57 and 58, respectively (Figure 43). The addition of Au®* to 57 led to
moderate quenching of the system, and allowed for a detection limit of 15 uM and a quantification limit of
52 uM.1"* The addition of 32 potential interfering cations had no effect on the detection ability of the
system. Compound 58 was found to detect AI** at concentrations as low as 2.8 uM via an increase in
fluorescence emission.'t7? Other cations did not perturb the emission spectrum of 58 or interfere with AI**
detection.
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Figure 43. Calixarenes that have been used as sensors for metal cations!68-1172

Several of the systems discussed above for the detection of metal cations have also been used for the
detection of anions, especially of fluoride, an anion with significant public health relevance.”®® Compound
24 (Figure 38), was reported as a ratiometric sensor for F-, which responded to the presence of fluoride
anion with a quenching of the excimer peak and enhancement of the monomer peak.'**! The system allowed
for the detection of F~ with a limit of 0.7 uM, and other anions were found to have limited interference with
the detection ability toward F. Compound 34 (Figure 40) was sensitive to the presence of F-, with a
detection limit of 22 nM in wastewater samples and 8 nM in acetonitrile.1**® However, the system was not
selective for F~. Fluoride ions could also be detected by the fluoride-induced fluorescence quenching of 30
(Figure 39), reported by Sahin and coworkers, although other anions (NOs™ and H2POy) interfered with the
fluorescence response.'* Compound 46 (Figure 41), was quenched in the presence of F-. The authors
propose a quenching mechanism that includes fluoride-induced deprotonation of the amide NH and
phenolic OH of the host. Although other basic conditions are expected to lead to the same deprotonations,
such conditions were not examined.!%® The emission of fluorenone-bearing 59 (Figure 44), was quenched
in the presence of F-, as reported by Nemati et al.!*”® The same group also reported the ratiometric sensing
of F by 60 (Figure 44). Other anions induced similar effects on the emission profiles of both calixarenes,
and the detection limit for F in the presence of 59 was calculated to be 32 nM.

Previously mentioned 57 (Figure 43) was fully quenched in the presence of 10 equivalents of iodide,
with a low detection limit of 1.6 pM and a quantification limit of 4.5 uM, and no observed effects by any
other anion investigated.*" In another report, Gomez-Machuca et al. reported the use of calixarenes 61-63
(Figure 44), for the semi-selective detection of I', with fluorescence quenching also observed for NO2,
SCN-, NOs', and N3 lodide detection limits of 1.81 ppm, 0.23 ppm, and 0.22 ppm were found for 61,
62, and 63, respectively. Kim et al. reported that the inherent PET present between the pendant amine donor
and pyrene acceptor units of calixarene 64, (Figure 44) which resulted in excimer emission in the absence
of analyte, was disrupted by iodide and bromide, allowing for their detection via the analyte-induced
quenching of that emission.!*” In another example of anion detection by calixarenes, dihydrogen phosphate
anion was ratiometrically detected by Chen et al. using naphthol-armed hosts 65 and 66 (Figure 44).117
Ratiometric responses were also observed upon the addition of F, yet these hosts were much more sensitive
toward H,PO4 (1.5-2.5 equivalents of H.PO. required to induce a fluorescence response; 6-9 equivalents
of F~anion for the same effect). Benesi-Hildebrand constants were calculated to be 2.13 x 103 M and 2.70
x 10° M for the binding of H.PO4 with hosts 65 and 66, respectively; and constants of 1.61 x 10° M* and
4.16 x 102 Mt were reported for the binding of F- with 65 and 66, respectively. The emission of 58 (Figure
43) was increased in the presence of disulfate anion but quenched in the presence of all other anions
examined, with a calculated detection limit of 0.26 uM for the H,PO, observed.*’2 In a final example of
anion detection, 67 (Figure 44), responded to the presence of HSO4 with an increase in fluorescence, even
in the presence of competing anions.*’” The observed fluorescence increases were due to the hydrolysis of
67 by the anion, which led to a detection limit of 0.98 uM.
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Figure 44. Calixarenes that have been used for the detection of anionst/3-1177

Many dual-detection calixarene systems that detect both cations and anions have been developed in
recent years. The premise of these systems is that a macrocyclic host is initially used for the detection of a
cation, and the resulting host-cation species is subsequently used for the detection of an anion that
sequesters the cation, allowing for the regeneration of the initial emission profile of the system. Many of
these systems have been shown to have good reusability. Due to the high affinity of phosphates for zinc,
several techniques for the detection of phosphate and zinc have been developed by Rao and coworkers
using salicylyl-imine bearing calixarenes.!*’8118 |n 2010, the group synthesized 68 (Figure 45), and the
addition of three equivalents of Zn?* to this host promoted a 30-fold increase in emission, due to the analyte-
induced disruption of PET between the phenolic oxygen and imine nitrogen, allowing for a minimum
detection level of 192 ppb.!'"® A Benesi-Hildebrand binding constant of 2.7 x 10* M was calculated, and
competition experiments revealed that Fe?*, Cu?*, and Hg?* all completely negated the Zn?*-promoted
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fluorescence enhancement, leading to no fluorescence changes compared to the uncomplexed macrocycle
host, while Mn?*, Na*, K*, Ca?*, and Mg?* had moderate deleterious effects. The titration of Zn-68 with
various anions revealed that the zinc was successfully sequestered by inorganic phosphate anions H2PO4’,
HPO.%, and PO,*; as well as by biologically relevant analytes: AMP, ADP, ATP, cysteine, and aspartic
acid. A minimum detectable concentration of HPO,> was established to be 426 ppb. The same group then
developed host 69, which could detect Zn?* at levels as low as 45 ppb, with only the presence of Fe?" and
Cu?* leading to significant changes in the detection ability of 69 (Figure 45) toward Zn?" .17 A relatively
high Benesi-Hildebrand constant of 4.93 x 10° M was calculated for this interaction. In a similar fashion
to the Zn-68 association complex, the Zn-69 association complex was disrupted by the addition of inorganic
phosphates, H.POs, HPO.%, and P,O7*; with the sequestration of Zn?* leading to regeneration of the
fluorescence emission of 69. The minimum detectable concentration of HPO,? was found to be 247 ppb.

Rao and coworkers then modified their salicylyl-imine containing hosts by inserting triazole moieties
into the pendant arms, forming 70 (Figure 45).118° The detection limit for zinc using 70 was 47 ppm, which
was similar to the limit found when using 69. The addition of thiols to the Zn?*-70 complex led to
fluorescence quenching, due to interference of the thiols with PET, with the greatest degree of fluorescence
guenching observed in the presence of the thiol-containing small molecules cysteine, dithiothreitol, and
glutathione monosulfide. Of note, mercaptopropionic acid led to minimal quenching of the system; and
homocysteine, mercaptoethanol, and cysteamine led to no fluorescence quenching. Reversibility of the
system via the release of Zn?* from the thiol was achieved by either oxidizing the thiol with H.O, or by
sequestering the thiol with Cd?* or Hg?*, allowing the zinc to rebind to 70. This same Zn?*-host adduct was
used for the detection of pyrophosphate anion, with a reported detection limit of 340 ppb.1t8 Unlike 68 and
69, this host was selective for pyrophosphate, with H.PO4", ATP, ADP, and AMP leading to very minimal
quenching of the Zn?*-70 emission. In another report, the emission of Zn?*-70 was also found to be
quenched by histidine and cysteine.1!82 Upon treatment of HeLa cells with 70, zinc and pyrophosphate could
be detected in vitro. However, no study was conducted comparing the affinity of Zn?*-70 to pyrophosphate,
histidine, and the aforementioned thiols. In a later publication, Rao and coworkers ascertained that
pyrophosphate could be detected selectively by zinc-bound-71 (Figure 45).18 The unassociated 71 could
detect Zn?* with a limit of 112 ppb and a Benesi-Hildebrand constant of 7.2 x 10* M1, while the subsequent
association complex could detect pyrophosphate with a limit of 278 ppb. While ATP was also found to
sequester zinc, quenching was much less effective with ATP than with pyrophosphate. Successive additions
of Zn?*" and pyrophosphate to 71 allowed for moderate reversibility.
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Figure 45. Calixarenes employed in the dual detection of zinc and phosphates!!’8-1183

Rao and coworkers developed other salicylyl-imino-bearing calixarenes that were selective for metals
other than Zn?*. In one example, a 1:2 host-guest complex of 72 (Figure 46) with cadmium was employed
for the detection of phosphate-containing species by fluorescence quenching.!'® H,PO, was the most
effective at quenching the emission of the association complex, which allowed for a detection limit of 20
ppb. HPO,, ATP, ADP, AMP, and P,O+* also quenched the emission, with reported detection limits
between 50 and 580 ppb. Salicylyl-imine-containing calix[6]arene 73 (Figure 46), with a larger cavity size
than calix[4]arene (7.6 A vs. 3.0 A cavity diameters),*# was able to bind La3*, a cation with a relatively
large atomic radius.*8 The binding of La®* to 73 was selective over other lanthanide metals and led to a
ca. 70-fold increase in fluorescence emission upon the addition of eight equivalents of the analyte,
translating into a 65 ppb minimal detectable La®" concentration. Upon the addition of F to the La%*-73
association complex, a quenching of emission was observed. No other halide was found to promote the
same behavior, and successive additions of La** and F led to excellent reversibility of the fluorescence
emission signal. Although Zn?* also bound to 73, leading to observable fluorescence enhancements, the
addition of F had no effect on the Zn-based association complex. Leray, Reinaud and coworkers also
developed a calix[6]arene that has potential as a dual-sensing platform for multiple analytes.!8” The
macrocycle, 74 (Figure 46), bound to Zn?* to form a complex that was responsive to the presence of primary
alkylamines.

Rao and coworkers developed an extensive multiple sensor array system, using 75 (Figure 46), for the
detection of a variety of metal cations and amino acids.'**® 75 bound to Zn?*, Mn?*, Fe?*, Co?*, Ni?*, Cu?',
forming 1:2 host-metal complexes and resulting in a hypsochromic shift in the fluorescence emission peak.
Response limits for these metal ions were found to be 0.76 uM, 1.8 uM, 1.0 uM, 1.99 uM, 1.99 uM, and
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1.05 uM, respectively. All of the complexes formed had unique responses to amino acids, which enabled
the creation of an array-based detection scheme. Mn?*-75 was able to sense aspartic acid and glutamic acid
with detection limits of 20.2 pM and 19.0 uM, respectively; whereas complexes of 75 with Cu?" and Zn?*
could detect cysteine at limits of 3.45 uM and 2.15 pM, respectively. Co?*-75 could detect 5.65 pM of
cysteine, 3.44 uM of histidine, and 2.50 uM of aspartic acid. Ni**-75 was found sensitive to 3.00 uM of
histidine and 7.90 uM of aspartic acid. While all 20 natural amino acids were examined, only aspartic acid,
glutamic acid, histidine, and cysteine effected a change in the emission profile of the metal-75 complexes.

N ‘
OHCO OCH;0o O OCHj3

%N %N N\%
N N-N N—-N

OH

OH

72

\
OCH;

i |
oH3CO OCHsc‘) o)
1

N7 N-CHs HaCo Sy P N-CHa
\—/ \—/ \—/ 75
74

Figure 46. Calixarenes used as dual detection scaffolds!!®31184.1185.1187

Erdemir and coworkers developed perylene-linked bis-calix[4]arene 76 (Figure 47) for the dual detection
of Hg?* and 11188 Upon binding of Hg?* to the macrocycle, a 1:2 host-guest complex formed with a Benesi-
Hildebrand binding constant of 1.66 x 10° M, resulting in an order of magnitude increase in quantum yield
due to the disruption of PET between the pseudo-azacrown ether and perylene diimide fluorophore. The
system could detect mercury at concentrations as low as 556 nM, and the addition of potentially interfering
cations had little effect on this detection ability. Of a variety of anions examined, only I was able to
effectively sequester Hg?* from the system. Human colon cancer cells were incubated with Hg?* and the
host sequentially, leading to the detection of mercury in live cells. A detection limit of the system for I was
not reported, and a relatively narrow optimal pH range of 5.5 to 7.5 was determined. Erdemir and coworkers
also established that previously mentioned 67 (Figure 44) was a selective sensor for the detection of Cu?*
through fluorescence quenching, with a limit of 1.05 uM, and that other cations did not interfere with the
detection capabilities of the system.''’” The authors found, via Job’s plot analysis, that a 1:2 host-guest
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association complex was formed between 67 and Cu?*. The resulting Cu?*-67 complex was used for the
detection of S%, with the anion effectively sequestering Cu?* and promoting fluorescence enhancement. No
other anion sequestered the copper, and a detection limit of 1.54 uM for sulfide was achieved.

A copper-cyanide dual detection scheme using 77 (Figure 47) was created by Chawla and coworkers. 118
In this scheme, a 1:1 host-guest complex of Cu?* and 77 was formed, resulting in an emission decrease
compared to the free calixarene. Upon the addition of CN-, the fluorescence of the host was restored as the
copper selectively bound to the anion and was removed from proximity to the host. Other cations and anions
had little effect on this system, and detection limits of 0.4 uM and 1.26 uM were determined for Cu?* and
CN-, respectively. The Stern-Volmer constant for binding of 77 with Cu?* was reported to be 1.472 x 10°
M-, Zhang et al. were able to selectively sense Ag* in aqueous media using 78 (Figure 47), through the
generation of a new, bathochromically shifted emission peak for the Ag*-78 complex.'%° This analyte could
be detected with high sensitivity (detection limit of 0.62 uM) and selectivity (no other cations induced
analogous fluorescence responses). Of note, the addition of formaldehyde, a toxicant widely used in
industrial processes, to the system sequestered the silver cation, leading to the regeneration of the emission
spectrum of free 78. A detection limit for formaldehyde was calculated to be 0.66 uM in THF, and
successful formaldehyde detection was demonstrated in doped tap water samples. In a final example of
dual-detection schemes, Qazi et al. found that the addition of Pb?* to 79 (Figure 47) led to a six-fold increase
in emission, while other cations only led to moderate fluorescence changes.'! Subsequent addition of
chromate caused a significant decrease in the fluorescence emission due to the sequestration of lead, in a
phenomenon that other anions did not replicate.

Figure 47. Calixarenes exploited for dual-detection systems!188-1191

The sensing of organic molecules by calixarenes has been pursued by several groups in recent years,
especially for the detection of nitroaromatics. Each of these nitroaromatic detection schemes involved a
fluorescent, electron rich calixarene donor transferring energy to a non-fluorescent, electron-deficient
nitroaromatic guest. Thus, the fluorescence response of all such calixarenes upon complexation of the
analyte was an emission quench. For example, Boonkitpatarakul et al. developed phenylethynylene
calixarene 80 (Figure 48) for the detection of TNT in both solution and in the vapor phase.'!*? The addition
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of one equivalent of TNT to 80 led to a 7.5-fold emission quench, though this technique was not fully
selective, as the same amount of DNT led to a 4-fold emission quench. As little as 0.3 uM of TNT could
be detected in aqueous solution over a wide pH range of 3 to 10. A solid-state device was fabricated for the
detection of TNT in the vapor phase by dipping filter paper in a solution of the 80 and allowing it to dry in
open air, and then using the functionalized paper for effective vapor-phase detection. Additionally, Rao and
coworkers were able to detect TNT with 81 (Figure 48).11%® A fluorescence quench of the macrocycle was
also seen with the addition of similar nitroaromatic species dinitrobenzene and m- and p-nitrotoluene. Of
note, in solution phase, concentrations as low as 3.03 uM of TNT could be detected.

Rao and coworkers also found that trinitrophenol (TNP) was selectively detected using 82 (Figure 48)
with a detection limit of 300 nM and a Stern-Volmer quenching constant of 4.51 x 10° M™.* No other
analogous electron-deficient analytes led to comparable quenching efficiencies nor did they interfere with
TNP detection. Filter paper was soaked with a solution of the macrocycle to create a solid-state device,
allowing for the naked eye detection of as low as 10 nM TNP under a UV-light irradiation. In another
example, calix[4]arene 83 (Figure 48) was found by Lee et al. to be strongly quenched by the presence of
trinitrobenzene and trinitrotoluene and moderately quenched by dinitrotoluene, dinitrobenzene, and
nitrobenzene.!!** Concentrations as low as 1.1 ppb TNT could be detected by this method. The authors
propose that the emission quench observed was due to charge-transfer complexes forming between the
electron rich pyrene units of 83 and the electron deficient nitroaromatic analyte. Several reports of
calixarenes used for the detection of nitroaromatics have been published by Li and coworkers in recent
years. In one example, the emission of 84 (Figure 48) was significantly quenched by the presence of p-
nitrophenol, with other nitroaromatics leading to only minimal quenching.t!® 85 (Figure 48) was used for
the detection of trinitrophenol where dinitro- and mononitro- aromatics had minimal effect on the emission
of 85.11% The group was also able to detect p-nitroaniline over other nitroaromatic species using 86 (Figure
48).1197 A final example of nitroaromatic detection was reported by Teixeira et al. using 87 (Figure 48) for
the detection of nitroanilines.%
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Figure 48. Calixarenes used for the detection of electron-deficient nitroaromatics11192-119

Choline, an essential nutrient, and acetylcholine, a neurotransmitter, have been detected by two different
schemes in recent years. Acetylcholine was found by Jin to displace Rhodamine 800 that was encapsulated
in the cavity of thiacalix[8]arene 88 (Figure 49).1% Using this method, acetylcholine could be detected in
concentrations as low as 0.5 mM. Structurally similar neurotransmitters, dopamine and y-aminobutyric
acid, led to no change in the emission of 88, yet choline was found to enhance the emission to a lesser extent
than acetylcholine, reflecting a lower degree of fluorophore displacement from the cavity. Guo et al.
developed a system using calixarenes 89-91 (Figure 49) for the detection of acetylcholine via an indicator
displacement assay, which was used for the real-time monitoring of acetylcholinesterase.’?® As
acetylcholine was converted to choline by the enzyme, lower concentrations of acetylcholine were available
for binding in the macrocycle and inducing fluorophore displacement, which provided more opportunities
for association of the host with lucigenin, a fluorescent dye. Although encapsulated lucigenin displayed
only weak fluorescence, displacement of the dye by acetylcholine led to a pronounced increase in emission.
Thus, the conversion of acetylcholine to choline resulted in a marked emission decrease. In two final
examples, Xu et al. found that the emission of 92 (Figure 49) was quenched in the presence of acidic amino
acids'? and enhanced in the presence of basic amino acids, and Han et al. used BODIPY -tethered 93
(Figure 49) for the monitoring of intracellular pH between 6.3 and 7.9.12%
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Figure 49. Calixarenes used for the detection of biomolecules in recent years199-1202

5.1.6. Resorcin[n]arenes. Resorcin[n]arenes are a class of calixarenes that bear upper-rim hydroxyl groups
and substitution at the methylene bridges. Other calixarenes, by contrast, are characterized by lower-rim
hydroxyl groups and unfunctionalized methylene linkers. Often, resorcinarenes have additional methylene
linkages between the hydroxyl substituents on the aromatic rings, as shown in Figure 50.12% The
condensation of resorcinol and aldehydes to form resorcinarenes was first reported in the literature in
1940'2% and, like calixarenes, the four-membered resorcinarene macrocycle, termed resorcin[4]arene, is
the thermodynamically favored product under most reaction conditions.'?®® The majority of publications
that report the use of resorcinarene-containing fluorescent chemosensors use resorcinarenes in the context
of resorcinarene-based coordination polymers (CPs) and metal-organic frameworks (MOFs). While both
of these terms describe crystalline structures comprised of infinite arrays of metal nodes and organic linkers,
the term coordination polymer is much broader, encompassing a wide range of these structures, while the
term ‘metal-organic framework’ is used to describe three-dimensional networks.*?®® The research group of
Jian-Fang Ma has reported the synthesis of a number of resorcinarene-based CPs and MOFs and their use
as fluorescent chemosensors, noting that these structures benefit from high tunability, enhanced sensitivity,
and unique photophysical properties compared to free macrocycles.'?” Aside from their use as fluorescent
chemosensors, resorcinarenes have shown promise as ligands for metal-based catalysis,*?% in chemical
separations,'?® and in other, non-luminescent molecular recognition schemes.*?%

calix[4]arene resorcin[4]arenes

Figure 50. Typical core structures of calix[4]arenes and resorcin[4]arenes'?%
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Ma and coworkers have described several MOFs formed from resorcin[4]arenes shown in Figure 51, for
the detection of cations, anions, and small molecules.'2°71210-1212] yminescent zinc, europium, and terbium
MOFs were created using 94 (Figure 51), whose emission was almost fully quenched by the presence of
Fe® in aqueous solution.'?% Stern-Volmer quenching constants of 1.519 x 10° M, 3.81 x 10> Mt and 4.749
x 10° Mt were reported for the binding of Fe* with the Eu, Zn, and Th MOFs, respectively, with a detection
limit of 50 uM reported for the Tb-MOF sensor. While no other metal cations effected MOF luminescence,
a number of polyoxometalates were also shown to quench emission. In a subsequent publication by the
same research group, the ethyl groups of the resorcin[4]arene backbone were replaced with aromatic
moieties to create 95 and 96 (Figure 51), which were used to form zinc MOFs.*2!! In the presence of metal
cations in aqueous solution, hypsochromic shifts of the fluorescence of the zinc MOF were observed along
with various degrees of fluorescent enhancement or quenching, with Fe®*, Fe?*, and Cu?* leading to the
most significant quenching. The addition of small amounts of acetone to aqueous solutions of 95 and 96
also quenched the emission, and acetone concentrations as low as 0.5 % and 10 % by volume could be
detected, respectively. Additionally, fluorescence quenching was reported in the presence of vapor phase
amines. Cadmium and zinc MOFs made from 97 (Figure 51), were also used for the detection of amine
vapors, and comparison plots of quenching efficiency vs. wavelength shift allowed for nearly complete
differentiation of seven different primary, secondary, and tertiary amines.*?%” Aldehyde vapors also led to
fluorescence quenching of the supramolecular sensor, with the presence of benzaldehyde leading to
approximately 80 % quenching of both MOFs after 10 minutes. Finally, the emission of a fluorescent
cadmium-98 MOF, (Figure 51), was completely quenched in the presence of Fe** and chromate anion, with
Stern-Volmer constants for these analytes of 2.67 x 10° M and 9.19 x 10° M, respectively.'?'?

97 98

Figure 51. Resorcin[4]arenes used in metal-organic frameworks for the detection of cations, anions, and
small molecules!?07.1210-1212

The Ma group also developed a series of coordination polymers based on resorcin[4]arenes, some of
which are shown in Figure 52.123-1215 Zinc and cadmium CPs of 99 (Figure 52) were treated with aqueous
solutions of chromate, and significant fluorescence quenching was observed, as well as a bathochromic
emission shift of the cadmium-99 CP.1?13 Fe3* was also able to quench the emission of both CPs with
minimal interference from other cations. The Stern-Volmer quenching constants for the interaction of
chromate and Fe3* with the Zn-99 CP were found to be 5.98 x 10* M and 2.048 x 10° M, respectively.
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The fluorescence emission of zinc CPs of 100 and 101 (Figure 52) was also quenched by chromate anion,
with Stern-Volmer constants of 4.303 x 10* M obtained using 100 and 3.879 x 10* M obtained with
101.12* Furthermore, the replacement of aqueous solution with nitrobenzene was found to quench both CPs
by several orders of magnitude. The presence of nitrobenzene was also found to quench cadmium and zinc
CPs of 102 (Figure 52).12%°

99; R = CyHyq
100; R = Ph
101; R = C,Hs

Figure 52. Resorcin[4]arenes used in coordination polymers for the fluorescent detection of cations, anions,
and solvents!?13-1215

Boron-based fluorescent appendages have been installed on the upper-rim of resorcin[4]arenes by Kubo
et al. and used for the detection of alkyl ammonium cations.'?!6127 Ratiometric sensing of
hexyltrimethylammonium, tetramethylammonium, and acetylcholine cations was achieved in 9:1
methylene chloride: dimethylsulfoxide solution using 103 (Figure 53), with high association constants of
3.8x 108 M1and 1.6 x 10’ M-* reported for the latter two, respectively.?'® Interestingly, bulkier quaternary
ammonium salts did not induce a fluorescence response. In a later publication, when resorcin[4]arene 104
(Figure 53) was treated with hexyltrimethylammonium hexafluorophosphate in methylene chloride
solution, no changes in fluorescence were observed.'?® However, with the addition of 5 %
dimethylsulfoxide, a fluorescence quench and hypsochromic shift of the fluorescence emission occurred. It
was posited by the authors that in purely methylene chloride solution, the resorcin[4]arene exists in an open
“kite-like” structure, whereas the presence of dimethylsulfoxide facilitates and stabilizes strong non-
covalent binding between the arms of the cavitand, pulling the cavity closed into a “vase-like” structure.
This more closed cavity shape is ideal for binding the long alkyl chain of hexyltrimethylammonium
hexafluorophosphate, with the cation of the analyte held tightly in the electron-rich macrocycle center.
Indeed, a high association constant of 1.44 x 10" M? was observed in a 95:5 methylene chloride:
dimethylsulfoxide solvent mixture. Mettra et al. functionalized the upper rim of phosphonate
resorcin[4]arenes with fluorene appendages to form structures including 105 and 106 (Figure 53).18 In the
presence of acetylcholine, a neurotransmitter, in chloroform solvent, dramatic quenching of the host’s
fluorescence was observed. Notably, the binding of acetylcholine and cis-fluorene-bearing host 106 had a
higher association constant, 9.28 x 10’ M than the trans-fluorene-bearing host 105 and species containing
one and four fluorene substituents, whose association constants fell in the range of 1.07-1.82 x 10" M.
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Figure 53. Resorcin[4]arenes bearing fluorescent tags that have been used for the detection of quaternary
ammonium cations!2i6-1218

5.1.7. Calix[n]pyrroles. Calixpyrroles, also known as meso-octamethylporphyrinogens, are macrocycles
which are formed from the condensation of pyrrole with acetone in acidic media, with the acetone forming
covalent bonds to the alpha positions of the pyrrole.t?1%-122L While first synthesized by Baeyer in 1886,22?
the utility of these species as supramolecular hosts was not realized until over a century later in 1996 by
Sessler and coworkers.'??® Sessler showed that in the uncomplexed state, methyl- and cyclohexyl-meso-
substituted calix[4]pyrroles exist in a 1,3-alternate conformation, yet when complexed with a chloride or
fluoride anion, the hosts adopted “cone-like” structures with all pyrrole units oriented in the same direction
and with the nitrogen atoms non-covalently bound to the halide. Substitution at the meso-position of
calixpyrroles prevents the spontaneous oxidation of these species to form porphyrins, and while methyl-
substitution at this position is ubiquitous, more highly functionalized moieties including fluorescent
groupst??12%5 and highly polar solubility-enhancing groups??® are also common.'??® Additionally,
calixpyrroles with substitution at the pyrrole carbon backbone, or carbon-rim, have also been
reported.'?271228 Functionalized at the nitrogens of the calixpyrroles has also been described, although such
substituted variants are rarely used as chemosensors due to disruption of the main binding site of the
compounds.*??® Hybrid calixpyrroles that have one or two pyrrole units replaced with other units, such as
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pyrene!?21230 or phenol'?! have been reported, as well as extended calixpyrroles in which other units are
interspersed between the four pyrrole units to form larger cavity sizes.'?*? Strapped or capped calixpyrroles
contain a strap over the main binding pocket that aid in the preorganization of the binding pocket and can
be tuned to enhance selectivity of the host system for target guests.??! These straps often contain additional
handles for analyte binding and fluorescent units for chemosensing purposes.'?®3123 ike calixarenes and
resorcinarenes, the 4-membered calixpyrrole macrocycle, termed calix[4]pyrrole, is the most
thermodynamically favored product under the vast majority of reaction conditions.!?%

Calix[4]pyrroles show preferential binding toward halides in general, and fluoride in particular, due to
its small size and hydrogen-bonding capabilities. Of note, several BODIPY -tagged calix[4]pyrroles have
been developed for fluoride binding and concomitant fluoride detection.1?2412351236 Eor example, 107
(Figure 54) was found to be a selective F~ sensor as binding of the fluoride to 107 resulted in a ratiometric
change in fluorescence emission.??* A high Stern-Volmer constant of 5.48 x 10" M was established.
Similar species 108 (Figure 54) was found to be less selective for F~ based on changes in the host’s
fluorescence properties, with fluorescence quenching observed upon binding of OAc", CI-, and H.SO4 in
addition to quenching in the presence of F~.12% However, fluoride was the only species that also produced
a colorimetric change, and coupling these signal outputs led to a dual-responsive sensor that was selective
for fluoride. Job’s plot analysis indicated a 1:1 stoichiometry for all anions, with a Stern-Volmer constant
for fluoride of 7.34 x 10* M reported. All of the fluorescence studies were conducted in acetonitrile and
adding water to these systems was found to release the guest from the calixpyrrole cavity. The fluorescence
emission of BODIPY-tagged dicalix[4]pyrrole species 109 (Figure 54) was quenched by the presence of F
, CI, Br, OAc, and H,PO4, with F providing the greatest amount of quenching with a ca. 10 nm
hypsochromic shift reported.'?® Job’s plot analysis indicated a 1:1 binding stoichiometry with all anions,
indicating that a sandwich-like complex forms with the anion bound to both macrocyclic moieties.
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Figure 54. BODIPY-tagged calix[4]pyrroles used for the detection of fluoride anion?2241235.1236

Coumarin-tagged calix[4]pyrrole 110 (Figure 55), was found, in the deprotonated form, to exist with the
coumarin appendage bound inside the calix[4]pyrrole cavity, with the binding resulting in effective
quenching of the coumarin fluorescence.'??® With the addition of fluoride, which binds more strongly to the
110 cavity than the coumarin appendage the coumarin was released, leading to notable fluorescence
increases. The presence of other anions did not affect the fluorescence of the host, but the introduction of
lithium cation sequestered fluoride, prevented the fluoride from displacing the coumarin moiety, and led to
guenching of the system fluorescence. Of note, a sensitive detection limit of 0.4 nM for fluoride was
reported. Similarly, anthracene-bearing dicalix[4]pyrrole 111 (Figure 55) was found to be weakly emissive
in acetonitrile until the addition of fluoride, which enhanced the emission significantly.'” High selectivity
for fluoride was observed in this system, with a variety of other inorganic and organic mono- and multi-
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anionic species having no effect on the fluorescence emission. 1:2 host-guest stoichiometry was confirmed
by Job’s Plot analysis and isothermal titration calorimetry, and fluorescence titration showed association
constants of 1.91 x 10° M for the first binding event and 5.95 x 10’ M for the second.

One way to achieve selectivity is through the use of steric differences between the target analyte and
related structures. For example, Samanta et al. developed a series of strapped calix[4] pyrroles with very
short straps, including 112-114 (Figure 55), with the goal of creating a binding pocket small enough to bind
fluoride and no other anions.'*® As expected, only fluoride was found to bind inside the cavities of the
hosts, with no other anions causing notable spectral changes. Despite this high selectivity, 112-114 did not
bind fluoride as well as other, larger homologues, with association constants generally an order of
magnitude lower for the new hosts, suggesting that larger cavities are preferential for fluoride binding.

In contrast to the systems described above, the strong binding of fluoride to 115 (Figure 55) was used to
modulate the response of the host to other analytes.!?? The cone-shaped cavity created through binding of
115 with fluoride created an electron-rich binding pocket that was used by Lee and coworkers to bind the
electron-deficient, sphere-shaped fullerene species Cz and Ceo, resulting in fluorescence quenching of the
host. With fluoride present, a 1:1 host-guest stoichiometry was formed between the host and either guest,
and association constants were found to be 9.4 x 105M for Cgo binding and 5.4 x 105 M for C+ binding.
In the absence of fluoride to modulate the cavity shape, 2:1 host-guest stoichiometries were observed with
slightly lower association constants of 2.7 x 10° M for Cgo and 2.0 x 10° M-* for C+o. Of note, the detection
limit for C7 was found to be in the nanomolar range.
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Figure 55. Calix[4]pyrrole hosts for the fluorescent detection of fluoride (110-114) or the fluoride-
modulated detection of fullerenes(115)12251229.1237,1238

Strapped calix[4]pyrroles with pyrene fluorescent tags, 116 and 117 (Figure 56), were developed by Lee
and coworkers. Upon titrating these macrocycles with anions in a 5% acetonitrile in toluene solvent system,
fluorescence quenching was observed.'?® In this instance, chloride, rather than fluoride, exhibited the
strongest binding, with chloride binding to 116 and 117 with association constants of 4.9 x 106 M and 4.6
x 108M, respectively, and fluoride binding to the hosts with association constants of 3.0 x 10® M with
116 and 2.7 x 10° M with 117. Competition studies were not conducted to determine whether fluoride or
other anions had an effect on chloride binding and the subsequent emission quench. Naphthalene-strapped
118 and 119 (Figure 56) also bound most strongly to chloride, with association constants similar to those
of 116 and 117.12%
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Figure 56. Fluorescent, strapped calix[4]pyrroles used for the recognition of chloride and other
anion51233,1234

Calix[4]pyrrole 120 (Figure 57), bearing fluorescent pyrene appendages, was found to form 1:1 host-
guest complexes with halides, which resulted in fluorescence quenching.'?®® Chloride bound to 120 with an
association constant of 3.2 x 10° M, which was only slightly higher than that of fluoride, 1.1 x 10° M.
Hosts 121 and 122 (Figure 57) underwent a fluorescence quench in the presence of several halides and
oxoanions.’?* Jodide was found to quench the system most effectively compared to bromide and chloride,
although the effect of fluoride was not examined. Stern-Volmer constants for iodide, bromide, and chloride
with 121 were found to be 3.36 x 10> M, 2.28 x 10> M, and 1.92 x 10> M, respectively. A dye
displacement assay for the detection of pyrophosphate, a biologically relevant anion, was accomplished
using supramolecular complex 123 (Figure 57).12%6 The fluorescent dye, 7-hydroxy-4-(trifluoromethyl)
coumarin, was quenched when held inside the calix[4]pyrrole cavity using a combination of hydrogen-
bonding and cation-n interactions. Upon addition of pyrophosphate anion, the dye was released from the
cavity and replaced with pyrophosphate, resulting in significant fluorescence enhancements. Good
selectivity over fluoride, phosphate and other anions was found, with each of those species binding at least
two orders of magnitude weaker than pyrophosphate, which had an extremely strong binding constant of
2.55 x 107 M in acetonitrile. The authors hypothesize that this strong binding is facilitated through a
combination of several intermolecular forces: hydrogen-bonding between the oxygen atoms of
pyrophosphate and the pyrrole hydrogens; electrostatic interactions between the anion guest and pyridinium
cation components of the host; and anion-pi interactions between the anionic guest and the aromatic core
of the calix[4]pyrrole. Using this system, a nanomolar detection limit for pyrophosphate was obtained.
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Figure 57. Calix[4]pyrroles used for the fluorescent detection of a variety of anions!226:1239.1240
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A variety of carboxylate species, including non-steroidal anti-inflammatory drugs (NSAIDs) have been
detected using calix[4]pyrroles.12271228.12821241 A number of fluorophore-tagged calix[4]pyrroles, shown in
Figure 58a, were developed by Anzenbacher and coworkers for the fluorimetric and colorimetric
differentiation of 14 analytes, including six NSAIDs, several other drugs, and other biologically relevant
compounds.?28 Using the fluorescent and colorimetric responses of eight sensors to the analytes, an array-
based detection scheme was developed. Principal component analysis (PCA) of the response patterns led
to 95 % discrimination of analytes and linear discriminant analysis (LDA) enabled 89.4 % discrimination.
When a cross-validation LDA method was used, however, 100% correct classification of the 14 analytes
was achieved in both pure water and in human urine. PCA also allowed for quantitative detection of the six
NSAIDs, with detection limits near 0.1 ppm and full discrimination at concentrations between 0.5 and 100
ppm, which includes typical NSAID urinary concentrations. In a later publication by the same authors, a
series of fluorophore-tagged calix[4]pyrroles and hybrid, extended calixpyrroles, including those shown in
Figure 58b, were used for the fluorescent detection of 18 analytes, including halides, oxoanions,
carboxylates, and NSAIDs.'?? LDA utilizing five fluorescent calixpyrroles allowed for 100 % correct
classification of all analytes. Accurate quantitative recognition of oxalate, malonate, glutamate, aspartate,
and phthalate was also achieved. In addition, Anzenbacher and coworkers have reported the use of
poly(ether-urethane) hydrogel-encapsulated 124 (Figure 58a) for the array-based detection of several
different anionic guests.'?*! Rather than using a variety of fluorescent hosts, the authors used ten different
polymer matrices for the encapsulation of 124. These matrices varied by comonomer ratio, which resulted
in differences in matrix hydrophilicity, and also varied based on the environmental polarity of the hydrogel
probe. LDA analysis using these hydrogels allowed for 100% correct classification of the eight anions
examined and the quantitative detection of the NSAIDs ibuprofen and diclofenac, both in water and in
human saliva with detection limits of 0.1 ppm obtained. Additionally, different concentrations of mixtures
of chloride and phosphate were accurately quantified in human urine. A final dicarboxylate fluorescent
detection scheme was reported by Gotor et al., in which BODIPY -tagged mono- and di-calix[4]pyrroles,
similar to 108 and 109 (Figure 54) yet without bromine substitution on the BODIPY tag, were used for the
sensing of aliphatic and aromatic carboxylates via fluorescence quenching and/or fluorescence
modulation.t??’
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Figure 58. Calix[4]pyrroles and hybrid, extended calixpyrroles used for the array-based detection of
carboxylates and NSAIDs12281232,1241

Sensing of metal cations can also be achieved using calix[4]arenes, such as those shown in Figure
59,12421243.1244 Dansyl-tagged calix[4]pyrrole, 125 (Figure 59), was found to undergo fluorescence
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quenching in the presence of uranium(1V), thorium(IV) and iron(Ill) cations in methanol solution.?4?
Additional metal cations, including alkali metals, alkaline earth metals, and other heavy metals, had no
effect on the fluorescence of 125. The authors propose that the mechanism of fluorescence quenching by
cation inclusion is the disruption of ICT from the dimethylamino nitrogen to the naphthalene moiety by the
presence of a metal cation. All three cations were found to bind in a 1:1 stoichiometry with binding
constants of 1.90 x 10* M for U**, 1.50 x 10* M* for Th**, and 1.40 x 10* M for Fe*". Quinoline-bearing
126 (Figure 59) has been shown to bind to Cu?* and Pb?* with association constants of 2.42 x 10* M* and
2.91 x 10* M, respectively.'?*® The significant fluorescence quenching observed is also hypothesized to
be a result of ICT disruption of the fluorescent appendages. Despite the known affinity of calix[4]pyrroles
toward anions, neither of these hosts were evaluated for anion detection applications. 127 (Figure 59),
however, was found to undergo fluorescence enhancement in the presence of Cu?* and Pb?* with no
interference from anions that were added after the initial complexation event.??** Association constants of
the host with these species were found to be 6.6 x 10° M* for Cu?* and 5.90 x 10° M for Pb?*. 1:2 host-
guest binding stoichiometries identified by Job’s plot analyses indicated that the metal cations were likely
binding to the carbonyl groups of the fluorescent appendages, leaving the central calix[4]pyrrole cavity
open to anion binding. However, addition of chloride or bromide to Pb-complexed or uncomplexed 127
resulted in no changes in fluorescence. Conversely, treatment of 127 with CI- before the addition of Pb?*
prevented the binding of Pb?*, likely due to a chloride-mediated conformational change in the host.
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Figure 59. Calix[4]pyrroles used for the fluorescent detection of metal cations!24-1244

Like with 127, while the central cavity of a calixpyrrole is generally used for anion binding, appendages
can be installed on a calixpyrrole rim that allow for cation binding, resulting in multi-functional hosts for
ion pair detection.®'?*> For example, 128 (Figure 60) underwent fluorescence enhancement with the
addition of iron difluoride in aqueous solution, as a result of dual binding of the cation and anions.® Upon
addition of an Fe?" source with a non-coordinating counteranion, no fluorescence enhancement was
observed; similarly, no change in fluorescence occurred with the addition of F~ with a non-coordinating
countercation. Thus, 128 is an efficient host for the selective detection of the FeF, ion pair upon the
coordination of F- to the central calix[4]pyrrole cavity and Fe?* to the triazole moiety of the fluorescent
appendages. Gotor et al. synthesized 129 (Figure 60), in which a calix[4]pyrrole anion-binding unit and a
azo-crown ether cation-binding unit were linked together by a BODIPY fluorophore.*?*> Hypsochromic
fluorescence emission shifts were observed with the addition of cations, with NHs" and K* leading to the
most significant shifts; while bathochromic shifts and quenches of fluorescence emission were observed in
the presence of anions, with F~ leading to the most significant change. A three-dimensional comparison of
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emission intensity, emission wavelength, and the ratio of absorbance at 680 nm and 625 nm allowed for the
discrimination of nine different salts comprised of K*, Li*, Na*, ClI,, Br, and F ions. Seven zwitterionic
amino acids were also examined, all of which were successfully differentiated using the same analysis.
Notably, y-butyric acid showed the most significant fluorescence response, indicating optimal matching of
the distance between the host cavities with the size of the analyte.

Figure 60. Calix[4]pyrroles used for the fluorescent detection of ion pairs®!24

Certain calixpyrroles, shown in Figure 61, have been used for the detection of electron-deficient
nitroaromatic analytes.'22012461247 Sypramolecular complex 130 (Figure 61), comprised of a chloresterol-
functionalized calix[4]pyrrole and a perylene bisimide diacid fluorophore was formed in solution, after
treatment with ammonia resulted in diacid deprotonation.'*¢ Once formed, this complex was shown to be
efficient for the detection of TNT in ethanol, with a detection limit of 80 nM. The mechanism of this
detection was via analyte-induced fluorescence quenching, due to the disruption of the supramolecular
complex that occurred through TNT-calix[4]pyrrole association. Although some nitroaromatic species,
specifically nitrobenzene and 2,5-dinitrobenzene, had no effect on the system’s fluorescence, 2,4-
dinitrotoluene exhibited some fluorescence quenching. Additionally, the fluorescence of a 130 film was
guenched by phenol vapor, with a 1 ppb detection limit for phenol obtained. More substituted phenols were
also shown to quench the system fluorescence, albeit with lower efficiencies. The fluorescence emission of
hybrid calixpyrrole 131 (Figure 61) was also quenched in the presence of nitroaromatics, with 8000
equivalents of nitrobenzene and 3000 equivalents of TNT leading to a 5-fold and 10-fold quenching,
respectively.?® A 1:1 binding stoichiometry was determined by Job’s plot analysis, and the binding
constant of 131 with TNT was found to be 1.1 x 10° M™. In a final example, oligomeric supramolecular
complexes formed from calix[4]pyrrole 132 and fluorophore 133 (Figure 61) were used to detect
trinitrobenzene.*®*” Upon oligomer formation, the fluorescence of 133 was quenched; subsequent addition
of trinitrobenzene disrupted the supramolecular aggregates, resulting in restoration of the 133 fluorescence
emission. Because aggregation is highly dependent on the concentration of the aggregating species,
significant fluorescence enhancement was only seen with high concentrations of 132 and 133 that formed
effective aggregates.

72



Figure 61. Calixpyrroles used for the fluorescent detection of nitroaromatics?230:1246.1247

5.1.8. Pillar[n]arenes. Pillar[n]arenes are a recently developed class of macrocycles, first reported by
Ogoshi and coworkers in 2008,'2*8 which are generally formed through the facile and versatile condensation
of phenols with paraformaldehyde.'?*® Pillararenes are structurally similar to calixarenes, with both
composed of aromatic repeating units, with the former having methylene bridges at the 2 and 5 positions
of the repeat unit, and the latter bound at the 1 and 3 positions of the aromatic rings. Thus, whereas
calixarenes are characterized by a wide upper rim and narrow lower rim, leading to a basket-like shape, the
rims of traditional pillararenes are identical, allowing for a rigid, pillar-shaped cavity.* Pillararenes have
been employed as supramolecular hosts for the encapsulation of a variety of guests, with such binding
promoted by charge-transfer interactions, cation-zn interactions, hydrophobic/hydrophilic interactions,
electrostatic interactions or hydrogen bonding.!?*® More complex architectures have been formed from
pillararenes, including self-inclusion complexes,!?0125!  rotaxanes,'?°21%54  polyrotaxanes,!?55:125
catenanes,*?7125%¢ micelles,'?>® microtubes,*?° liquid crystals,’?11262 and metal organic frameworks
(MOFs).1263

Metal cations are common analytes for pillararene-based detection, and a number of modified
pillararenes have been employed in such schemes in recent years. In one example, Yao et al. encapsulated
a fluorescent dye, perylene diimide, in the cavity of 134 (Figure 62), leading to quenching of the dye
emission through a PET mechanism.?%* The PET was disrupted by the addition of Fe**, which led to an
almost 100-fold increase in emission. Among all cations investigated, only Fe** was found to enhance the
fluorescence emission of the system, leading to a detection limit of 0.21 uM. Although researchers reported
that sodium pyrophosphate could sequester Fe** and “turn-off” the fluorescent probe, comparative
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behaviors of other anions were not reported, and competition experiments with other metal cations were
not conducted.

Zhang, Wei, and coworkers provided two additional schemes for the detection of Fe** by pillararene
complexation. In the first example, fluorescent pillararene 135 (Figure 62) was synthesized, which
displayed strong fluorescence in the absence of guest due to binding of the covalently appended
benzothiazole unit in its own hydrophobic cavity.? Introduction of Fe** led to its binding inside the cavity
of 135, displacing the benzothiazole moiety and quenching the macrocycle’s fluorescence. A detection limit
of 0.90 uM was found, and of all other metal cations examined, only Hg?" also led to fluorescence
quenching. Competition experiments showed little effect on the quenching ability of Fe* in the presence
of 1 equivalent of a second metal cation. The addition of F- regenerates the emission profile of 135, with a
fluoride detection limit of 26 nM. Other anions led to moderate fluorescence enhancement, and competition
experiments revealed that the effect of F- was altered somewhat in the presence of other species. Similarly,
136 (Figure 62) was found to complex both Fe** and Cu?* with a detection limit for iron of 0.14 pM.2%
The Fe®*-136 adduct was then used to detect F~ at concentrations as low as 0.25 uM. Other transition metal-
136 complexes did not have a pronounced affinity for F-, and the iron complex was only moderately
selective for fluoride over other anions.

Thorium was detected using 137 (Figure 62), with selectivity over a variety of other metals, including
lanthanides, actinides, transition metals, and base metals, as reported by Fang et al.*?®” Upon the addition
of one equivalent of Th* to 137, the emission of the macrocycle was almost completely quenched. In the
presence of 10 equivalents of potentially interfering metal cations, no disruption of the quenching was
observed. Similar to previously discussed systems, the addition of fluoride sequestered the heavy metal,
allowing the fluorescence of 137 to be regenerated, even in the presence of 100 equivalents of competing
anion. Detection limits of 0.54 uM and 3.0 uM were observed for Th*" and F, respectively.
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Figure 62. A series of pillararenes that have been reported for the detection of metal cations264-126°

A 1:2 supramolecular complex of 138 (Figure 62) and fluorophore 140 (Figure 63) was employed by
Wei and coworkers for the sequential detection of AI** and CN- in aqueous media.'?®® Fluorescence
enhancement unique to AI** was seen, with a detection limit of 99 nM. Notably, the addition of CN- to the
138-140-Al** system did not sequester the AI** and decrease the fluorescence, as with the aforementioned
dual-detection systems, but instead led to another significant emission enhancement. The authors attribute
emission enhancement to the formation of a highly fluorescent 1:2:1:1 138-140-Al**-CN- quaternary
complex. The further addition of AI®* equivalents, however, re-formed the 138-140-Al** complex, thus
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regenerating its emission profile, allowing for reversible switching between the moderately and highly
fluorescence states. No other anion was found to produce a response similar to that of CN-, nor were any
found to quench the emission of the 138-140-Al** complex. Furthermore, a detection limit of 2.3 uM was
found for CN-. The group also discovered that 139 could be used for the detection of CN-,1%5° where the
addition of CN" to the macrocycle led to a significant fluorescence enhancement along with a bathochromic
shift that was unique to the presence of CN". Although no other anion caused enhancement of the
fluorescence of 139 (Figure 62), a variety of anions, including F, AcO, H,PO4, HSOy, as well as Ca?*,
interfered with the enhancement ability of CN- and led to less fluorescence enhancement. A CN- detection
limit of 10.8 nM was observed, and the system maintained detection efficacy in a complex system, namely
the detection of CN- in sprouting potatoes. Compound 134 (Figure 62) was also used for both the detection
of cyanide and of paraquat, an herbicide, as reported by Wang et al.>*® At pH 7.4, paraquat was found to
displace N-methylacridinium iodide, a fluorophore, from the cavity of 134, leading to significant emission
enhancement. Of note, other substrates were not examined and so the detection selectivity could not be
determined. When the solution was acidified to pH 6.0, protonation of the carboxylic acid pendant arms of
the macrocycle led to the displacement of the acridinium dye. In this uncomplexed form, the dye readily
reacted with CN- and water, leading to oxidation in the 9-position of the molecule and a consequent
fluorescence quench and hypsochromic shift in emission, allowing for the detection of CN".
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Figure 63. Novel fluorophores that have been used in pillararene-based detection schemes!?681273

Wang et al. synthesized a dissymmetric pillararene that spontaneously formed fluorescent daisy chains
in solution, leading to the application of the material as a fluorescent chemosensor for temperature, pH,
solvent, and the presence of certain anions (Figure 64).12"° Cation-n interactions between the ammonium
and anthracene moiety governed the formation of the fluorescent daisy chains, thus changes in pH and
subsequent deprotonation of the ammonium to form an amine led to decomplexation and fluorescence
guenching. Moreover, because cation-r interactions are much weaker in polar solvents than in non-polar
solvents, daisy chain formation was also solvent dependent. Anions were hypothesized to form ion pairs
with the ammonium cation, blocking the cation from interactions with the anthracene and providing a
mechanism for anion detection. Finally, heat was found to lead to decomplexation of the daisy chain and
fluorescence quenching, by reducing the binding affinities of the macrocycles to one another. Of note, all
of these supramolecular interactions were found to be reversible.
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Figure 64. A pillararene daisy chain and its responses to temperature, solvent, pH, and the presence of
anions. Adapted with permission from Ref. 1270. Copyright 2014 Royal Society of Chemistry.

Certain biologically relevant molecules have also been sensed by pillararene constructs in recent years.
For example, L-tryptophan?™* and L-methionine!?’? were detected by Wei and coworkers with hosts 142
(Figure 65) and 138 (Figure 62), respectively. In the former case, all 20 naturally-occurring amino acids
were investigated, and only L-tryptophan successfully quenched the emission of 142.12"* A limit of detection
of 0.28 uM was found, and competition experiments showed that the system was highly selective for L-
tryptophan. Additionally, glass slides were dip-coated in a solution of 142, and treatment of the dried slide
with a solution of the analyte led to a noticeable quenching of fluorescence under a UV lamp. The detection
of L-methionine with 138 was less selective than with 142, with only 0.20 equivalents of interfering amino
acids leading to significant decreases in the emission enhancement induced by L-methionine.??”> The
detection limit of L-methionine was 0.55 uM when no interfering species were present, and increased to
2.0 uM in the presence of 10 equivalents of histidine.

Host 143 (Figure 65) was found to be selective for the detection of ATP via the ATP-induced
displacement of fluorophore 141 (Figure 63).12”* ATP bound strongly to 143, with an association constant
an order of magnitude higher than GTP, ADP, and AMP, allowing for a much greater fluorescence
guenching by the target analyte compared to other structurally similar substances. While these reported
results were promising, competition experiments were not conducted, and a detection limit was not
calculated. In another example, Hua et al. realized the ability of 134 (Figure 62) as a probe of enzymatic
activity.>* In this system, choline bound strongly in the cavity of 134, displacing a previously encapsulated
fluorophore, acridine orange, which resulted in an increased emission. By monitoring this fluorescence, the
activity of the enzyme choline oxidase was measured via the enzymatic-induced transformation of the
choline reactant into a betaine product, which does not bind in the 134 cavity.

144 (Figure 65) was shown by Hua et al. to encapsulate salicylaldehyde, promoting deprotonation of the
guest and leading to a highly fluorescent supramolecular complex.'?* Salicylaldehyde could then be
displaced by chlorophenols, which are ubiquitous, toxic environmental contaminants. While mono- and di-
chlorophenols were found to decrease the emission of the complex somewhat by binding in the cavity and
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displacing salicylaldehyde, 2,4,6-trichlorophenol quenched the emission of the host-dye complex to the
largest extent, most likely due to a binding constant two orders of magnitude higher than salicylaldehyde
and the other guests. A final report by Strutt et al. described the synthesis of 145 (Figure 65) and its
application in the detection of moderately toxic alkyldiamines via fluorescence quenching.'?5?
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Figure 65. A series of pillararenes that have been used as scaffolds for detection schemes!2°21271.1273.1274

5.1.9. Cucurbiturils. Cucurbiturils, or CBs,*27527¢ are pumpkin-shaped structures (cucurbituril is derived
from the Latin word for “pumpkin”), and three of the most common cucurbituril architectures are shown in
Figure 66, below.1?""1278 Unlike cyclodextrins, cucurbiturils are not naturally occurring, and their syntheses
can involve relatively harsh conditions,®® typically involving a condensation reaction between glycouril
and formaldehyde. 12”® The interior cavities of cucurbiturils are hydrophobic, much like the cyclodextrin
hydrophobic cavities, but there are two main differences when comparing these classes of macrocycles:
First, cucurbiturils are much more rigid structures, and their binding affinities for small molecule guests are
much stronger.2%° Cyclodextrin binding affinities for small molecule guests usually have binding constants
between 100 and 1000 M. Cucurbiturils, by contrast, can have binding affinities as high as 10 or 10> M-
112811282 which rivals the binding of avidin and biotin, which is among the strongest interactions
known 1283128 Secondly, cucurbiturils have a ring of carbonyls pointed at each entrance to the cavity.?%
1287 These carbonyls are polarized to have negative electron charge density, and therefore cucurbiturils are
much stronger cation binders than are cyclodextrins. Cucurbiturils show the strongest binding affinities in
cases where they can bind molecules that are both cationic (in one portion),}?® and hydrophobic (in a
different portion),?® such as biogenic amines,*?®® which take full advantage of the structural features of the
cucurbiturils.
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Figure 66. The most common cucurbituril architectures, CB6, CB7, and CB8. Reproduced from Ref. 1277.
Copyright 2011 American Chemical Society.

Applications of cucurbiturils as chemosensors have emerged in recent years, with many examples of
cucurbiturils used for the detection of over-the-counter (OTC) or prescription drugs, pesticides and
toxicants. One example by Anzenbacher and coworkers used CB derivative 146 and acyclic analogue 147
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(Figure 67) for the detection of addictive OTC drugs, such as doxylamine, pseudoephedrine, and
phenylephrine, that are found in common cold and flu medications such as NyQuil and Sudafed.'?** Each
analyte provided a unique fluorescence quench or enhancement, with the enhanced fluorescence a result of
rigidification of the photophysically active moieties and elimination of undesired non-radiative decay
pathways. Linear discriminant analyses (LDA) of the response patterns allowed for the 100% correct
classification of individual analytes as well as three component mixtures of doxylamine, pseudoephedrine,
and phenylephrine at a variety of concentrations. The calculated detection limits of doxylamine,
pseudoephedrine, and phenylephrine were 1.0 ppm, 0.7 ppm, and 0.8 ppm, respectively, and doxylamine
was accurately detected in undoped and doped human urine samples. Notably, fluctuations of electrolyte
levels in solution had no effect on the detection ability of the system.
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Figure 67. CB6 derivative 146 and acyclic derivative 147 used by Anzenbacher for the detection of over-
the-counter drugs. Adapted from Ref. 1291. Copyright 2013 American Chemical Society.

Amantadine, a drug for the treatment of Parkinson’s disease, was successfully detected by del Pozo et
al.*2 and Yang et al.?? In the former report, fluorescent dye thionine was displaced from the cavity of
CB7 or CB8 by adamantadine, leading to a decrease in fluorescence for the CB7 host and an increase in
fluorescence for the CB8 host.'?%? Structurally similar drugs rimantadine, ribavirine, and acyclovir, were
examined, and only rimantadine was found to lead to perturbations of the CB/dye emission spectra;
allowable concentrations of the potential interferents were found to be 4.5 nM, 36 uM, and 3.6 pM,
respectively. A detection limit of 0.16 uM was found and the system was then applied to doped human
serum samples and pharmaceutical capsules containing adamantadine with high accuracy. Notably, the
binding studies occurred in a flow reactor with the analyte and host mixing in flow before being analyzed
by the detector, which facilitated quick and automated results. The report by Yang et al. utilized CB7 with
a different fluorophore, 1,1’-butane(1,4-diyl)bis(2-aminopyridine)bromide (DPAD), for the detection of
adamantadine by fluorescence quenching.!?*® A very high binding constant of 4.23 x 10> M was
reported,'?®* which allowed for the low analyte detection limit, 1.3 pM, and moderate selectivity observed.

An assay of CB7 with three fluorophores, palmatine, berberine, and coptisine, was used by Li and
coworkers for the detection of both labetalol hydrochloride,*®* a performance-enhancing drug, and
dibucaine,? a cocaine-related local anesthetic. Labetalol hydrochloride was detected with limits ranging
from 4.9 nM to 12.0 nM,'?*® and dibucaine was detected with limits of 6.0 nM to 25.0 nM.'?*¢ In both
instances, common components of urine were analyzed as potential system interferents, and it was found
that only the amino acids cysteine, alanine, phenylalanine, and valine led to any quenching of the system.
Of note, although the same system was used to test both dibucaine and labetalol hydrochloride, the analytes
were not compared against one another.

Aryal and coworkers found that certain therapeutic drugs were able to displace a naphthalimide-derived
dye from the cavity of CB7 leading to an observed quench in the fluorescence emission signal . The
therapeutic  drugs  N-(aminophenyl)-piperidine,  doxorubicin, and  adamantyl-carboxamido-
benzenesulfonamide all exhibited high affinity for CB7, with association constants of 1.0 x 10’ M, 2.5 x
10°M?, and 1.3 x 10° M, respectively. Competition studies between the wide array of analytes were not
conducted, and no method was employed for the discrimination of one analyte from another. In a report by
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Lazer et al., displacement of a fluorescent dye (perylene diimide, berberine chloride, or methylene blue)
from the cavity of CB8 was caused by a number of steroids, allowing for effective steroid detection.!?%
Strong binding constants between 10°and 10° M were found for the steroid analytes, and the steroids could
be detected at low micromolar concentrations. LDA analysis enabled the successful differentiation of 10 of
the 12 steroids examined, and the assay was used to monitor the activity of steroid-producing enzymes.

Two reports of the detection of pesticides and fungicides by CB encapsulation were reported by Huang
and coworkers in recent years. In the first report, three different cucurbiturils, CB6, CB7, and tetramethyl-
CB6 were screened as potential sensors for the fungicide thiabendazole.!?® Upon encapsulation of
thiabendazole by a cucurbituril, its fluorescence was enhanced, enabling low nanomolar limits of detection
for this toxic pesticide. In 2018, the group published the use of a pyronine Y-CB8 supramolecular complex
for the detection of thiabendazole, fuberidazole, and carbendazim.®® Initially, a weakly fluorescent 1:2
host-dye complex formed, from which one of the two pyronine Y molecules was displaced upon
introduction of the analyte. A ternary complex between the host, dye, and analyte was formed that exhibited
a large increase in fluorescence emission along with a slight bathochromic shift. Detection limits of
approximately 100 nM were calculated, and it was found that other pesticides, including paraquat and
tritconazole, did not show the same fluorescence-increasing behavior. The host-dye complex had low
cytotoxicity, and was used to detect exogenous thiabendazole, fuberidazole, and carbendazim in PC3 cells.
A similar report by del Pozo et al. also described the detection of carbendazim by encapsulation with
CB7.13% Detection and quantification limits of 5.0 nM and 26 nM were observed, and the technique was
applied to the sensing of carbendazim in orange peels.

Compounds 146 and 147 (Figure 67) were again used by Anzenbacher and coworkers, this time for the
detection of the toxic nitrosamines N-nitrosonornicotine and (4-methylnitrosamino)-1-(3-pyridul)-1-
butanone, along with a range of other toxicants.*** In this report, the cyclic and acyclic analogues were
first complexed with metal cations, including Zn?*, Eu®*, Yb®*, and Hg?*, which were subsequently
displaced by the analytes of interest, resulting in appreciable changes in fluorescence emission. The authors
use statistical analyses of the differences in the signal responses of 146, heavy metal-containing 146, and
acyclic analogue 147 to each analyte to create array-based detection schemes. LDA allowed for 100%
classification of all 12 guests, and a support vector machine (SVM) regression method allowed for
guantification of analytes, even in the presence of nicotine, which was a strong interferent. Detection limits
of N-nitrosonornicotine and (4-methylnitrosamino)-1-(3-pyridul)-1-butanone were found to be 0.05 ppm
and 0.27 ppm, respectively.

Cucurbiturils have been employed for the detection of biologically relevant molecules, including the
detection of cadaverine, a naturally occuring toxic diamine, by Wang et al.*3% In this system, the addition
of cadaverine to a highly fluorescent supramolecular complex of CB7 with acridine orange led to the
displacement of the dye and a subsequent decrease in fluorescence. The activity of lysine decarboxylase,
which converts lysine into cadaverine, was monitored by observing the differential fluorescence responses
of the enzymatic reactant and its product. The presence of lysine did not affect the fluorescence intensity
of the system as lysine cannot displace the fluorophore from the host cavity. As lysine was converted to
cadaverine, the system fluorescence decreased accordingly as acridine orange was displaced. The inhibition
of the enzyme by several organophosphate esters was examined using this system. Enzyme inhibition was
monitored in a similar manner by Biedermann et al. where a fluorophore, either MDAP+ or perylene
diimide, was displaced from the cavity of CB8 by an analyte that was either a substrate or product of an
enzymatic reaction.’*® The key for this detection to be successful was that the substrate and product need
to have complementary association constants, meaning that one species will bind preferentially to the
macrocyclic cavity whereas the other species will not, resulting in differential response signals.

Ye et al. synthesized a modified bispyridinium fluorene, 148 (Figure 68), which acted as a fluorescent
guest for CB8 encapsulation and enabled ATP detection.®** The long chain fluorophore threaded through
the CB8 cavity, and the authors hypothesize that electrostatic interactions between the positively charged
fluorophore and negatively charged ATP induced aggregation of the supramolecular complex, which led to
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a decrease in fluorescence emission. ADP, AMP, and carbonate were also found to quench the emission of
the supramolecular host, and all other anions led to negligible changes in emission.
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Figure 68. Novel fluorophores that have been involved in cucurbituril-based detection schemes?304922

Synthetically accessible twisted CB143% (Figure 69) was used by Zhang et al. for the detection of metal
cations.* In this scheme, thiazole orange was encapsulated in CB14, and the additions of Ba?* and Pb?*
led to a decrease in the fluorescence and hypsochromic shift of emission signal. Conversely, the addition
of one equivalent of Hg?* led to an increase in emission, and further Hg?* aliquots led to fluorescence
guenching. The authors hypothesized that in the presence of one equivalent or less of mercury, a highly
fluorescent ternary complex was formed, whereas at higher concentrations of the analyte, binary Hg-CB14
and Hg-thiazole orange complexes were formed, both of which are minimally fluorescent. The detection
limit of Hg?* at neutral pH was found to be 78 nM, with only Ba?* and Pb?* disturbing the emission profile.
Notably, in acidic media, Hg?* does not increase emission, and only Ba?* and Pb?* were shown to affect the
CB14-thiazole orange complex, again leading to decreases and hypsochromic shifts in emission. Under
these conditions, the detection limits of Ba?* and Pb?* were found to be 0.46 pM and 3.6 uM, respectively.

Figure 69. Side (left) and top (right) view of twisted CB14 that was used by Zhang et al. for the detection
of metal cations.’*® Reproduced with permission from Ref. 1305. Copyright 2013 Wiley.

Sinha et al. were able to sense copper ions via displacement of 4-aminobipyridine from the cavity of
CB6.13%" The fluorescence quenching observed was readily reversed by the addition of EDTA to sequester
the metal cation. CB6 was also used to monitor enzymatic reactions in which 4-aminobipyridine was
produced, due to the significant fluorescence of the 4-aminobipyridine-CB6 complex. A final notable
example of the applicability of CB sensors was the detection of hydrocarbon gases encapsulated by CB6,
published by Florea et al. (Figure 70).922 Volatile hydrocarbons, such as isobutane and cyclopentane, bound
strongly to CB6, with association constants on the order of 10 M. In acidic aqueous solution with
hydrocarbon gas bubbled through, fluorescent dye 149 (Figure 68) was displaced from the cavity of CB6
by the hydrocarbon, leading to a drastic decrease in the dye emission. Upon bubbling air into the solution,
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the hydrocarbon was released, and the dye reentered the CB6 cavity, allowing the restoration of
fluorescence. This cycle could be repeated several times without a loss of efficiency. Notably, non-
hydrocarbon gases Ar, Kr, and N did not bind in CBS6.
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Figure 70. lllustration of the ability of CB6 to capture hydrocarbon gases and provide an emission response
via analyte-induced dye displacement. Reproduced with permission from Ref. 922. Copyright 2011 Wiley.

5.2. Cryptands

Cryptands are cyclic molecules comprised of ether, amine, or thiol units. Crown ethers, first developed by
Charles J. Pederson in 1967, may be the most well-known cryptand class.3%-1%0 The ability of these species
to coordinate to alkali and alkaline earth metals, which are normally difficult to separate from solution and
differentiate from each other, has allowed for the solubilization, complexation, and detection of such
cations.®*!! One notable early example of such coordination was the 18-crown-6-ether-mediated dissolution
of KMnOQ, in benzene, allowing for the oxidation of organic species using the KMnO,-dissolved species.*'?
The discovery of crown ethers is widely acknowledge to have brought about the advent of supramolecular
host-guest chemistry as it is known today,'*!313141311 and had led to the use of a variety of cryptand-like
structures for detection applications.*

While crown ethers are characterized as being cyclic, oxygen-containing macrocycles that coordinate to
hard metals, the development of “hetero crown ethers,” containing nitrogen or sulfur moieties, has expanded
this field for the coordination of softer metal cations that coordinate to nitrogen and/or sulfur
preferentially.’®® In one example, cyclens and tacns (1,4,7-triazacyclononanes), containing nitrogen
coordination nodes (see Figure 80 in section 5.2.3), coordinate to a variety of transition-, lanthanide-, and
actinide metals.'®!® These polyamines are easily functionalized at nitrogen, with very versatile syntheses
allowing for the fine-tuning of macrocycle selectivity and photophysical activity. Furthermore, nitrogen-
containing crown structures can readily mimic metal binding that occurs in biological systems between
nitrogen-containing enzymes and metal cation cofactors.*®'” A popular application of cyclens, is as MRI
contrast agents,’*® in which the chelation of lanthanide metal ions in the crown cavity produces strong
luminescence, without allowing for the leaching of the lanthanide metal into biological systems.*®*° Like
nitrogen-containing crowns, the use of sulfur-containing crowns allows for the selective binding of softer
metals than traditional crowns allow.**2° In many instances, combinations of oxygen, nitrogen, and sulfur
binding nodes are employed for the selective binding of desired metal species (vide infra).3141321

5.2.1. Crown Ethers. Several fluorescence detection schemes utilizing crown ethers have been used to
detect alkali and alkaline earth metals. The emission of the macrocycle shown in Figure 71, was shown by
Sinn et al. to exhibit a significant hypsochromic shift in the presence of K*.3¢ The hypothesized mechanism
for the hypsochromic shift is that the luminescent platinum-containing pendant arms aggregate in the
absence of K*, leading to an excimer emission peak at 585 nm. The aggregation was disrupted by
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complexation with K*, causing a decrease in excimer emission and reemergence of monomer emission at
464 nm, allowing for ratiometric sensing and an overall hypsochromic shift.
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Figure 71. A crown ether with luminescent platinum-containing pendant arms used for potassium detection
by Sinn et al. Reproduced with permission from Ref. 316. Copyright 2015 Elsevier.

Hosts 150 and 151 (Figure 72) were found by Li et al.**?2 and Safin et al.,**?® respectively, to detect the
presence of K* only after an initial binding event with Zn?*. Compound 150 bears two bispyridyl binding
sites distal to the central crown ether that acts as the zinc binding site.’3?? A ratiometric change in emission
along with an increase in quantum yield from 0.36 to 0.75 was observed upon the formation of the 1:2 host-
Zn?* complex. The addition of the K* analyte to the ternary species led to the near-full quenching of excimer
emission that was not seen when adding K* to free 150. The authors hypothesized that the detection ability
of the host toward Zn?* was derived from ICT, whereas the fluorescence response to K* was due to the
disruption of PET between the aromatic fluorophores. Upon addition of Zn?* to 151, a 2:1 host-guest
complex was formed, with zinc ligating to the imine and phenol moieties of both hosts. As a result of such
binding, the quantum yield of the complex increased from 0.1% to 23.7% and the emission had a slight
bathochromic shift.**2% The crown ether portions of the hosts then bound to K*, and the solution fluorescence
decreased as K*-induced aggregates precipitated from solution. Compounds 152324 and 153,32 shown in
Figure 72, both bearing two crown ether units linked to a central fluorophore, formed 1:2 host-guest
complexes with potassium. These methods were not fully selective, however, as the emission of 152
increased in the presence of Rb* as well as K*,*32* and the emission of 153 increased when complexed with
either K* or Pb?*.1325 Coumarin-appended crown ethers 154 and 155 (Figure 72) underwent hypsochromic
shifts in emission when treated with Na*, potentially due to disruption of PET; however, no other cations
were investigated and so selectivity could not be ascertained.3?® Alkaline earth metal barium was found to
promote a noticeable fluorescence enhancement upon complexation with 156 (Figure 72).1%2” While no
other cation produced the same response as Ba%*, many cations interfered with Ba?*-promoted fluorescence;
potassium, which is known to bind crown ethers most strongly, was not examined.
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Figure 72. Modified crown ethers that have been used for the detection of alkali or alkaline earth metals!3?>
1326

Transition metals have also been detected using modified crown ethers. Azo dye-appended 157 (Figure
73) bound to Hg?* and Cu?* with 80% and 40% quenches of emission, and Stern-Volmer constants of 1.18
x 10° M? and 3.85 x 10* M, respectively, whereas neither K* nor Na* produced notable emission
changes.®® A detection limit of 12.5 nM for mercury was found, and this technique was applied for
mercury detection in industrial water runoff from a coal-fired power plant, in which a mercury concentration
of 1.64 uM was determined. BODIPY-linked bis-crown ether 158 (Figure 73) was employed for the
ratiometric sensing of AI** and Fe* due to the cation-induced hypsochromic shifts of 65 nm and 67 nm,
respectively.®?® Finally, the emission of terpyridine-appended crown ether 159 (Figure 73) was
significantly quenched upon the addition of Zn?* 133

Figure 73. Crown ethers that have been used for the sensing of transition metal cations.t328-13%0

5.2.2. Oxygen- and Nitrogen- Mixed Crowns. Many supramolecular cryptand hosts are comprised mainly
of oxygen nodes with one or two nitrogen nodes present as attachment points for fluorescent pendant arms.
For example, host 18-crown-6-ether 160 (Figure 74) contains one nitrogen moiety that connects the
macrocycle to a coumarin derivative.’*! This macrocycle, developed by Ast et al., was sensitive to the
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presence of K*, allowing for a detection limit of 29 mM for K* in an aqueous environment. While Na* did
not lead to any changes in the emission of 160, additional cations were not investigated. Additionally, 160
was found to rapidly permeate into cells without cytotoxic effects, allowing for in vivo K* detection. Yetisen
and coworkers used fluorophore appended 161 and 162 (Figure 74) for the detection of Na" and K*,
respectively, with detection limits of 2.7 mM and 1.4 mM observed.!332 These macrocycles, along with Ca?*
and pH sensors, were incorporated into a multi-analyte microfluidic device that was used for the analysis
of the electrolytes present in human tears. Potassium was detected by rhodamine-appended 163 (Figure 74),
and computational studies indicated that 163 was a PET-based sensor, in which complexation with K*
destabilized the charge transfer state, leading to the observed signal changes.***® 164 (Figure 74), containing
a europium luminophore appendage, was used to detect potassium in synthetic human blood serum.3
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Figure 74. Nitrogen-containing crown ethers that have been employed for the detection of potassium and
Sodium314,133l-1333

Calcium and magnesium cations have also been detected by mixed oxygen/nitrogen crown ether sensors.
Mono- and bis-crown ether hosts 165 and 166 (Figure 75) bearing naphthalene diimide fluorescent
appendages, were found to selectively detect the presence of Ca? in acetonitrile, with the quantum yield of
166 increasing 5-fold in the presence of three equivalents of calcium due to the disruption of PET between
the azacrown and naphthalene diimide.’*** The Benesi-Hildebrand equation was used to calculate binding
constants for Ca?* with 165 and 166 of 3.33 x 10° M* and 9.13 x 10° M?, respectively. 167 (Figure 75)
with pendant pyrene arms could also sense Ca?*, due to analyte-induced PET disruption, at Ca*
concentrations between 0.25 and 1.25 uM and in the presence of typical biological amounts of sodium,
potassium, and magnesium.'3% A detection limit of 0.25 nM was achieved for Mg?* using 168 (Figure 75),
with only moderate interference from Ca?* and certain transition metals.!33 This host was successfully used
for the bioimaging of magnesium in embryonic mouse fibroblasts. Other alkali and alkaline earth metal
have been detected by xanthenone-appended 169'*¥" (Figure 75) and simple benzaldehyde derived
azacrown ethers 170 and 171 (Figure 75).13% In the former case, fluorescence enhancement was observed
upon metal chelation, because chelation disrupted PET from the nitrogen lone pair of the azacrown to the
HOMO of the xanthenone fluorophore.**¥
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Figure 75. Nitrogen-containing crown ethers that have been used for the detection of calcium and
magnesium?334-133

Azacrown ethers have also been used for the detection of transition metal cations. In one example,
Goswami et al. used 172 (Figure 76) for the selective detection of Zn?* in a 1:1 mixture of acetonitrile and
HEPES buffer at physiological pH.1** No other cations decreased the Zn?*-enhanced emission, including
Cd?*which is expected to have similar binding properties. A 1:1 172-Zn?* stoichiometry was determined, a
limit of detection of 5.4 uM was calculated, and a Benesi-Hildebrand binding constant of 1 x 10* M was
reported. The Zn?*-172 adduct was treated with a variety of anions, and it was found that one equivalent of
dihydrogen phosphate (H2PO4) fully quenched the Zn?*-enhanced emission, and that one equivalent of
phosphate (PO.*) led to moderate fluorescence quenching. The group then tested the efficacy of the system
in vitro by sequential incubation of human lung cancer cells with zinc and 172. Through fluorescence
imaging, the presence of the exogenous zinc was observed in the cells and, upon the addition of
monopotassium phosphate (KH.PQO.), the fluorescence was successfully quenched. Furthermore,
cytotoxicity studies indicated that the host was relatively nontoxic to cells.

Bhanja et al. also developed a system that was used for in vitro detection studies.’**° The combination of
173 (Figure 76), which initially exhibited negligible fluorescence emission, with Zn?* led to a significant
emission enhancement. The addition of AI** also increased the emission of 173, but with a pronounced
bathochromic shift in peak maximum, allowing for the full differentiation of these two cations. The
response of the host to the cations was optimal at pH 9, with effective cation detection in a wide pH range
(pH 2-12). Detections limits of 1.2 uM and 21 nM were found for AI** and Zn?*, respectively, and no other
metal cations led to emission enhancement. However, the addition of a variety of transition metal cations,
including Co?*, Mn?*, Ni?*, or Cu?* to the 173-Zn?* and 173-AlI** systems hindered the system performance.
The host was employed for cation detection in human oral carcinoma cells by consecutive doping of the
cells with analyte, AI** or Zn?*, and 173, which was found to be cell permeable and non-toxic up to 150
pg/mL.

Hosts 174 and 175 (Figure 76) showed increased emission when PET was hindered by Zn?
complexation, but were not fully selective, as other cations showed significant perturbations of the emission
spectrum as well.}3*! Ghanbari et al. found that the emission of 176 and 179 (Figure 76) were enhanced by
Zn?*, and similar macrocycles 177 and 178 (Figure 76) were quenched by the addition of Cu?*.***2 However,
only moderate selectivity was achieved, and significant competition with interferent cations was observed.
Ambrosi et al. synthesized three macrocycles, 180-182 (Figure 76) that interacted with metal cations in
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aqueous solution at physiological pH.*** Cu?* led to emission quenching of all three hosts, while Zn?* led
to emission enhancement of 182. Competition experiments were not conducted in this case.
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Figure 76. Nitrogen-containing crown ethers that have been utilized for the detection of biologically
relevant transition metal cationst33-1343

Toxic mercury cations were detected with sugar-based crown ether 183 (Figure 77) by a large mercury-
induced emission increase, leading to a detection limit of 12.6 uM.** The fluorescent pyrene appendages
were initially minimally fluorescent due to PET from the nitrogen atoms; however, they became strongly
fluorescent upon mercury-induced disruption of PET. Cu?* was also found to promote a fluorescence
response from this host, albeit with a much lower magnitude than the mercury-induced response, and with
a higher detection limit of 130 uM. Stern-Volmer constants of the two analytes with 183 were found in
methanol to be 4.4 x 10° M for mercury and 7.4 x 10* M for copper. Hou and coworkers determined that
the ICT of naphthalimide-containing 184 (Figure 77) was interrupted by the presence of Hg?*, allowing for
a analyte-induced 22 nm hypsochromic shift.?3# Li et al. appended a phosphorescent iridium®* complex to
aza-18-crown-6-ether, and the emission of the resulting macrocycle, 185 (Figure 77) was significantly
quenched in the presence of Hg? and mildly quenched in the presence of Cu?*.**6 Mercury could be
detected at concentrations of 10 — 700 uM using this method, and the Benesi-Hildebrand equation was used
to determine an association constant of 2.00 x 10® M. Similarly, Abel et al. functionalized an azacrown
ether with a ruthenium bipyridyl moiety to form 186 (Figure 77) that was used for the detection of copper
by fluorescence quenching.**” The addition of all other cations to 186 led to only small perturbations of its
fluorescent profile, and competition experiments indicated that Cu?* could effectively be detected in the
presence of other species. The emission of BODIPY -affixed 187 (Figure 77) was nearly completely
quenched by the presence of Cu?*, allowing for the detection of the analytes at concentrations as low as 2.4
uM with no interference from other cations.'®*® The Stern-Volmer constant for the interaction of 187 with
Cu?* was found to be 1.43 x 10° M,
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Figure 77. Nitrogen-containing crown ethers that have been used for the determination of mercury or
Copper1344—1348

Qiu et al. developed a macrocycle, 188 (Figure 78) that experienced a substantial increase in emission
(5.6-fold) upon the addition of Fe*" in a 1:1 methanol:tris-HCI buffer solution, due to an impedance of
PET.1% Although AI®* led to a 2.5-fold enhancement, no biologically relevant metal cations impacted the
emission enhancement caused by Fe®". In the same 1:1 methanol:buffer solvent system, a detection limit of
0.58 uM was calculated. However, as the percentage of water content increased, so did the detection limit,
indicating that this system was less effective in purely aqueous solutions. To further the study, SKOV-3
and HeLa cells were doped with Fe**, then incubated with 188, revealing bright fluorescence in the cytosol
of the cells where 188 spontaneously congregates. Of note, despite the strong response of 188 to Fe®*, 188
showed no fluorescence response to Fe?*, and thus the system could be used for monitoring Fe?*/Fe®
oxidation and reduction reactions. Coumarin-based 189 (Figure 78) selectively detected the presence of
Fe* by emission quenching with a detection limit of 0.31 pM, within a wide pH range, and in the presence
of a variety of other cations.**® System reversibility was obtained through the use of EDTA to remove the
iron from the host cavity, allowing for the reuse of the macrocycle.

Azadbakht and coworkers developed two similar macrocycles for the detection of Al¥*. Compound 190
(Figure 78) was significantly fluorescent at acidic pH’s, whereas at neutral and basic pH, the fluorescence
emission was inhibited by PET.?%! Thus, at neutral pH, 190 was an ideal host for a PET-based detection
scheme. The addition of AI** under these experimental conditions led to almost a 14-fold emission increase,
whereas all other ions led to little to no emission changes. However, the addition of Cs*, Pb?*, Fe**, Cu?,
and Ag* greatly negated the ability of AI** to interrupt PET and induce the luminescent response. The
second study by Azadbakht used similar species 191 (Figure 78) which was found to be less selective for
A" than 190 was, with Zn?" and Cd?* also inducing significant emission increases.®2? Nanoparticles
formed from 191 had moderately increased sensitivity for AI** over other metal cations, yet competition
experiments indicated that the detection of AI®* was sensitive to the presence of other metal cations,
including Cs*, Fe**, Fe*, and Ag". In a final report of transition metal detection, a strong fluorescence
increase was seen by Liu et al. when Cr® was added to host 192 (Figure 78).1%5® Although many other
cations were also examined, none produced a significant optical response. A 7.5 ppb detection limit was
established, and the host was successfully employed for the detection of Cr®* in normal human liver cells,
with no observed toxicity over a 24-hour time window.
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Figure 78. Nitrogen-containing crown ethers that were employed as sensors for transition metal cations!34*-
1353

One mixed oxygen-nitrogen crown system recently published by Yang reports the detection of HSO4
anion.*** Addition of HSO, to this macrocycle, shown in Figure 79, led to a unique 6-fold emission
increase that the authors hypothesized was due to an increase in the rigidity of the host upon guest binding.
The detection scheme was applicable in a wide pH range, with a detection limit of 1.36 uM obtained.
Although no other anions studied affected the ability of the system to detect hydrogen sulfate, no other
sulfur-containing anions were examined.

Figure 79. Nitrogen-containing bridged crown ether that was employed by Yang et al. for the detection of
HSO,. Reproduced with permission from Ref. 1354. Copyright 2012 Royal Society of Chemistry.

5.2.3. Nitrogen-Containing Crowns. Nitrogen-containing species analogous to crown ethers are a popular
choice of host for the detection of transition metal cations. These species, shown in Figure 80, colloquially
known as tacn, cyclen, cyclam, and pentacyclen, are softer bases than their oxygen-containing analogues
and therefore show preferential binding to softer metal acids.
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Figure 80. Common cyclic polyamines

Copper is acommon target for these nitrogen-containing hosts, and due to the strong interactions between
copper cations and sulfur-containing species, a number of dual-detection systems for copper and sulfur have
been established. For example, BINOL-appended cyclen 193 could detect Cu?* with high selectivity by
fluorescence quenching, with a 4.0 uM detection limit, and a Benesi-Hildebrand binding constant of 3 x
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10?2 M13%7 Job’s plot analysis confirmed the formation of a 2:1 host-guest complex, and the authors
hypothesize the binding mode shown in Figure 81, where the single copper cation was held between the
internal faces of the two cyclen moieties. The addition of S to this system led to the recovery of the initial
macrocycle emission, due to removal of the copper from the cavity. Minimal interference from other anions
was observed, and sulfide could be detected in concentrations as low as 16 uM. Li and coworkers affixed
ruthenium tris(bipyridine) to cyclen to afford host 194 (Figure 81), which was also shown to successively
detect Cu?* and S? with detection limits of 5.4 uM and 37 uM, respectively.?3>® Only minimal changes in
the fluorescence signal were seen when potentially interfering cations and anions were added to the system,
or when the pH was varied between 5 and 11. The complex formed upon treating anthracenyl cyclen 195
(Figure 81) with Cu?* could detect H.S in solution with a detection limit of 205 nM, and was used for the
detection of this analyte in live cells.®* The system showed good reversibility upon successive Cu?* — H,S
additions, and was effective between pH 5 and 10. The sensing of copper was also accomplished using 196
(Figure 81), which contains a rhodamine-based fluorescent arm, with a detection limit of 2.0 puM.*%®
Minimal interference from several other metal cations was observed.
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Figure 81. Modified cyclen species used for the detection of copper3671355-13%

The four aforementioned systems all exhibited emission quenching with copper addition, as did
methylbenzimidazolium-cyclam conjugate 197 (Figure 82).137 However, 197 was responsive to Zn?*, with
a dramatic Zn-induced increase in emission due to zinc binding with the amine moieties of the cyclam and
hindering PET. The detection limit for zinc was 4.5 nM; however, the presence of copper completely
negated the macrocycle’s response to zinc, resulting in a near complete fluorescence quench. Nouri et al.
used modified cyclen 198 (Figure 82) for zinc sensing, discovering that the addition of one equivalent of
zinc led to an emission quench, followed by an emission increase as more than one equivalent of zinc was
added.®6:363 The first equivalent of zinc was thought to bind inside the cyclen cavity, turning off the
emission of the appended fluorescent azaxanthone derivative. The second equivalent of zinc was
hypothesized to bind to the hydrazone moiety of the fluorophore, interrupting PET and restoring the
fluorescence. Density functional theory (DFT) and time-dependent density functional threory (TD-DFT)
calculations supported the existence of a PET mechanism for this system. Other metal cations were found
to interfere with effective zinc detection. Wang et al. reported a cyclen-derived species, 199 (Figure 82)
containing a pyridine ring, to which an anthracenyl fluorophore was appended.’**® This macrocycle
selectively bound Zn?* in aqueous solution with 1:1 stoichiometry, leading to a 14-fold increase in
fluorescence emission. Not only was Zn?* the only metal cation that induced a fluorescence change, but the
addition of other cations to a solution of zinc and macrocycle had very little effect on emission. The host-
guest association constant was relatively high, at 1.96 x 10° M, and a detection limit of 1.1 uM was
calculated. Pyrophosphate anion (P,O7*) sequestered zinc from the macrocycle cavity, and thus, the Zn?*-
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199 adduct was used for pyrophosphate detection, with a detection limit of 0.11 uM. This system was used
to monitor the enzymatic conversion of adenosine triphosphate (ATP) to pyrophosphate by tracking
fluorescent enhancement, with potential future applications in monitoring enzyme inhibition.

With many macrocycle hosts, especially those that have functionalities that are readily protonated or
deprotonated, the pH of the system can have a dramatic effect on the detection schemes. This pH effect was
exemplified by a study conducted by Bazzicalupi et al. where potentiometric studies elucidated the
fluorescence profiles, at various pH values, of two cyclen-like hosts, 200 and 201 (Figure 82), bearing
acridine moieties in the macrocycle core.3° Further potentiometric studies of the hosts with various cations
were conducted, and the authors concluded that zinc exhibited optimal fluorescence enhancement of 200 at
pH values between 5 and 8, whereas all other cations tested, Cu?*, Cd?*, and Pb?*, led to insignificant
changes in emission intensity at all pH values investigated. In both acidic and basic solutions, no
enhancement of emission by Zn?* was observed, outlining important limitations of the system. This group
also conducted potentiometric studies with a similar macrocycle that was subsequently used for pH
detection. 36
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Figure 82. Cyclic polyamine species that were used to sense various transition metal cations363.366.1357-1360

Several years prior to the use of 195 (Figure 81) for the detection of copper (vide supra),®® this host,
along with the analogous 202 (Figure 83) bearing two fluorescent appendages, were examined by Xu et al.
for the detection of lead.*® The addition of Pb?* to 202 increased the quantum yield from 4.9% to 13.8%,
resulting in a high binding constant, log Kiyinding = 10.7. The host was able to permeate cell membranes
efficiently and could detect the lead analyte in vitro, but the response of 202 to lead in fetal bovine serum
was low, likely due to matrix proteins interfering with the formation of the desired host-guest complex.
Wang et al. appended a 7-nitrobenz-2-oxa-1,3-diaole (NBD) fluorophore to a cyclen-like macrocycle to
produce species 203 (Figure 83).1%! The fluorescence emission of this host was preferentially quenched by
the addition of Cu?* in aqueous solution at physiological pH. Other biologically relevant cations Ca?*, Na*,
and Mg?* did not affect the Cu?*-induced quenching, and a detection limit of 0.84 uM was calculated. In
vitro studies were conducted in which it was found that 203 effectively permeated the cell membrane and
accumulated in the lysosomes of HeLa cells. When the cells were doped with Cu?*, its presence was
observable by fluorescence imaging due to intracellular copper-macrocycle binding and the resulting
binding-induced fluorescence increases. A perylene diimide functionalized with two cyclen moieties, 204
(Figure 83), was examined by Zhou et al., and the emission of the host increased in the presence of Pb?*
but decreased in the presence of Hg?* and Cu?*.1*2 Similar mono-cyclen host 205 (Figure 83) was more
selective to Pb?*, with minimal perturbations of the spectrum by other cations. Compound 205 demonstrated
more versatility in intracellular detection and a wider effective pH range than 204.
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Figure 83. Cyclic polyamine hosts that have been used for the detection of transition metal
Cati0n5.365,1361,1362

Rhodamine-appended cyclen 206 (Figure 84) was used by Shim et al. for the sensing of cadmium via
analyte-induced fluorescence enhancement.3 A detection limit of 25 nM was calculated, however, Hg?",
Zn%, Pb?*, Cu?*, and Pd?* interfered with the detection ability of the system. In a final example of cation
detection with cyclic polyamines, two pentacyclen hosts with BODIPY -containing pendant arms, 207 and
208 (Figure 84), underwent 52-fold and 28-fold emission increases, respectively, upon treatment with Mn?*
and concomitant disruption of internal PET.3%4 208, with four ester groups attached to the pentacyclen ring,
formed a 1:2 host-guest complex with Mn2*, with one cation bound in the cavity and the other bound to the
pendant arms outside the cavity, whereas 207, with only two ester groups, formed a 1:1 host-guest complex.
The authors hypothesized that the additional binding sites of 208 made it a less selective host for Mn2*
sensing, because other cations bound to those sites and interfered with detection. Both hosts were able to
permeate cell membranes, thus enabling in vivo manganese detection.

An organic phosphate, inositol(1,4,5-triphosphate), which acts as a signaling molecule in biological
systems, was detected by Do-Thanh et al. using cyclen-containing tweezer compound with an acridine-
based fluorescent unit 209 (Figure 84).13% The analyte bound between the two cyclen motifs via
electrostatic interactions, with an association constant of K = 1.0 x 10® M. However, this host was not
selective for inositol (1,4,5-triphosphate) over structurally related analytes including D-fructose, 1,6-
bisphosphate trisodium salt, cyanoethyl phosphate barium salt, and sodium dihydrogen phosphate, which
all led to analogous fluorescence changes.
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Figure 84. Cyclen and pentacyclen species that have been used for various detection schemes, 13631365

5.2.4. Sulfur-Containing Crowns. Due to the high affinity of sulfur for transition metals such as copper
and mercury, sulfur-containing crowns are ideal detection platforms for such analytes. In one example, Tian
et al. used host 210 to sense Hg?* in the presence of DNA.*2! The genotoxic effects of mercury are
associated with the ability of mercury to bind strongly to DNA, and thus the authors designed a Hg?* sensing
platform that can also ensure close proximity to DNA strands. Compound 210 was designed with a
fluorescent benzo[b]quinolizinium appendage which, due to its planar nature, intercalates into DNA strands
(Figure 85). The supramolecular complex of DNA, 210, and mercury was highly fluorescent, whereas in
the absence of any one of these components, the fluorescence was minimal. It was hypothesized by the
authors that two emission inhibiting pathways are operational in the free host that must be deactivated
before emission of the fluorescent appendage can occur:'®® PET between the aminophenyl and the
benzo[b]quinolizinium of 210 was hindered by complexation with mercury, and the fluorescence-
deactivating C-N bond rotation that is characteristic of such species was prohibited by intercalation into
DNA strands. A mercury detection limit of 39 nM was established.
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Figure 85. The use of intercalator-bound azathiacrown ether 210 for the detection of Hg?* in close
proximity to DNA. Adapted with permission from Ref. 1321. Copyright 2016 Royal Society of Chemistry.

A four-coordinate, dansyl-bearing, azathiacrown ether 211 (Figure 86), was used by Dai et al. for the
selective detection of mercury with a detection limit of 0.1 uM and was applied to drinking water and river
water samples.’*” This method was effective from pH 2.0 to 8.0, with no other cations perturbing the
detection scheme. A series of anthracenyl sulfur-containing crowns 212 — 215 (Figure 86) were synthesized
by Mameli et al., all of which were shown to have a high affinity for mercury, allowing for micromolar
detection levels of Hg?* with moderate perturbations by interfering cations.**®® The fluorescence emission
of mixed crown 216 (Figure 86) was also quenched in the presence of Hg?*, and the subsequent addition of
anions regenerated the macrocycle emission as mercury was removed from the macrocycle core.®¥” 217
(Figure 86) bearing two azathiacrown ethers linked by a fluorescein unit, was able to sense copper with a
limit of 87 nM in slightly acidic conditions.**® The ICT between the heterocrown ether moieties and
fluorescein was hindered by the presence of Cu?* or Ag*, leading to a quench of emission, though the
guenching effect was more pronounced with copper than with silver.
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Figure 86. Azathiacrowns and azathiacrown ethers that have been employed for cation sensing?387:1367-1369

Similar to the aforementioned crowns appended with ruthenium tris(bipyridine), (186,***' Figure 77, and
194, Figure 81) 218 (Figure 87), and its sulfur-containing analogues 219 and 220 (Figure 87) were
investigated for metal cation sensing abilities by Boricha et al.?3"° 218 was selectively quenched by Cu?*,
and analogous sulfur-containing species 219 was quenched by both Cu?* and Fe?*. The emission of
bis(hetero crown ether) host 220 was predominantly quenched by Pb?*, but Ce?", Fe?, and Hg?* all
promoted some degree of emission gquenching. Anions F-and H,PO, also acted to quench the host emission
through interactions with the aromatic protons of the luminophore.

Figure 87. Ruthenium tris(bipyridine) bound crowns that were used by Boricha et al. for transition metal
cation detection*"°

A ratiometric dual detection system for the presence of Ag* and |- was developed by Wang et al. utilizing
221 (Figure 88).*"* The addition of silver to the host provided an analyte-specific 84 nm hypsochromic
emission shift with an increase in quantum yield from 0.05 to 0.28. The addition of I led to the precipitation
of Agl from the aqueous solution, and the decreases in the intensity of the emission spectrum as the silver
was removed allowed for the detection of I with a detection limit of 7.2 uM. BODIPY-modified
azathiacrown ether 222 (Figure 88) was responsive to the presence of both Pd?* and Hg?", as evident by an
increase in the emission of the host upon guest-induced hampering of PET, the mechanism of which was
elucidated by DFT and TD-DFT studies.’*2 Although Pd?* bound more strongly to 222 than Hg?* did, the
presence of the latter impacted the detection ability of 222 towards the former. In order to circumvent this
issue, the authors added cysteine to the solution, which bound to the interfering mercury cations and
prevented their interaction with the host. This allowed for the selective detection of Pd?* at concentrations
as low as 1.2 ppb in the solution phase. Exogenous Pd?* could also be identified in human breast cancer
cells that were incubated with 222.

Figure 88. Azathiacrown ethers that have been employed for the detection of transition metal cations in
solution,1371.1372

5.2.5. Transition Metal-Containing Crowns. Discussed in this sub-section are cyclens and cyclen
derivatives coordinated to transition metal centers that are used to detect certain analytes, via either the
formation of association complexes, the displacement of fluorescent indicators, or the removal of the
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transition metal from the host cavity. This section focuses on reports in which metal-containing cyclens are
synthesized, characterized, and treated as the supramolecular host, whereas earlier discussion focused on
metal-free hosts that coordinated to specific transition metal cations for cation detection applications.

Five zinc-centered supramolecular hosts have been reported for the sensing of biologically relevant
phosphates. Compound 223 (Figure 89) was shown by Mesquita et al. to selectively detect hydrogen
pyrophosphate (HPPi%) in aqueous environments by analyte-induced fluorescence enhancement.*”® No
other mono-, di-, or trianions led to a change in macrocycle emission of the HPPi*-223 complex emission,
including hydrogen phosphate and all adenosine phosphates. A relatively low detection limit of 300 nM
was calculated for this system. Similar macrocycle 224 (Figure 89) also exhibited a fluorescence response
when treated with pyrophosphate, yet was not as selective as with 223, with ATP and ADP also producing
some degree of fluorescence changes.®®* The decrease of excimer emission and increase in monomer
emission upon analyte addition implied that the initial ©-w stacking of the anthracene appendages that led
to excimer emission was disrupted by analyte coordination. A comparison between the two systems
highlighted that 223 coordinated much more strongly to HPPi* (K, = 1.66 x 10® M) than 224 does to PPi*
(Ka = 1.55 x 10° M), In a report by Joshi et al., thymidine mono-, di-, and triphosphate nucleotides
promoted the formation of an excimer of 225 (Figure 89).13'7 The phosphate coordination promoted
macrocycle folding, which allowed the pyrene moieties to stack and produced the new emission peak. A
series of zinc-containing di- and tetra-cyclen hosts, including 226 and 227 (Figure 89) responded to the
presence of pyrophosphate with notable emission changes.*™* 226, containing two cyclen units each
coordinated to a zinc cation, underwent a 3.4-fold increase in emission upon the addition of one equivalent
of pyrophosphate. The emission of 227, with four zinc-cyclen moieties, increased by 5.5-fold, whereas a
similar species with a benzene linker, rather than an anthracene linker, experienced a 10-fold emission
decrease. Complicated stepwise binding modes were elucidated, and the tetra-zinc complexes also bound
to tetraaspartate and tetraglutamate peptides with high binding constants (ca. 10’ M™). Non-fluorescent
copper-ligated polyamine 228 (Figure 89) relied on an indicator displacement assay to achieve the
luminescent detection of dihydrogen phosphate.3” In water buffered at physiological pH, the emission of
Eosin Y was quenched upon binding inside the cavity of 228. Of the anions examined, only H,PO,
displaced the dye from the macrocycle cavity, turning on the fluorescence emission of Eosin Y. However,
no other phosphate anions were analyzed.
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Figure 89. Zinc and copper centered cyclic polyamines that have been used for the detection of various
phOsphate5364,1317,1373-1375

Two metal-containing cyclen-like hosts have been found to be selective for the binding and detection of
oxalate, a dicarboxylic acid that is linked to the formation of kidney stones, using indicator displacement
strategies. When Eosin Y was treated with nickel-containing macrocycle 229 (Figure 90) in water buffered
at pH 7.4, a substantial hypsochromic shift in the emission spectrum was observed.**”® Subsequently, upon
treatment of the 229-Eosin Y complex with oxalate, the indicator was displaced and the emission peak
underwent a bathochromic shift, enabling an oxalate detection limit of 5 uM. Notably, none of the other
anions examined were found to displace Eosin Y, however, anions similar to oxalate, such as citrate and
tartrate, were not examined. For copper-ligated species 230 (Figure 90), the displacement of Eosin Y by
oxalate led to an increase in fluorescence emission.®”” A detection limit of 79 nM was calculated, much
lower than that obtained using 229. The system was found to be only somewhat selective, as the presence
of other anions led to moderate displacement of Eosin Y from the cavity of 230. The anions examined by
this study, however, were much more similar to oxalate than those anions tested with 229, which may
account for the apparent differences in selectivity. A final difference between the two systems was that 229
formed a 1:2 host guest complex with oxalate whereas 230 formed a 1:1 complex. With the former host,
one oxalate anion coordinated to each of the nickel centers and was oriented outside of the cavity, whereas
230 binds one oxalate anion between the two copper centers, localizing it inside the host cavity.

BODIPY-appended 231 (Figure 90) was synthesized by Wu et al. and used for the detection of 5294
The host selectively detected this analyte over thiol-containing amino acids and other small anions.
Concentrations as low as 80 nM could be detected, and the probe was incubated into RAW?264.7 cells, after
first being dispersed into a DOTAP liposome to aid in intracellular probe delivery. Following the successful
detection of H,S in these cells, 231 was injected into a live mouse, and fluorescence imaging was used to
detect the analyte therein. Certain H»S donors, such as the enzyme cystathionine-y lysase and a compound
extracted from garlic, diallyl trisulfide, were indirectly detected in solution due to their ability to release
H.S into solution. Another BODIPY-derived host, copper bis(tacn) 232 (Figure 90) reported by Li et al.
was exposed to a number of amino acids, leading to the discovery that the host was a selective sensor for
homocysteine, with a Benesi-Hildebrand constant of 3.41 x 10* M1.1378 A detection limit of 0.24 pM was
achieved, and the host was used for monitoring the activity of cystathionine B-synthase, which converts
homocysteine to cystathionine in vitro. Additionally, Amatori and et al. developed three metal-containing
cyclen-like molecules, represented by 233 (Figure 90) where M = Zn, Cd, or Cu, that underwent changes
in emission upon the addition of halides.®®? For each combination of 233 with halide, a different
fluorescence response was observed, allowing for the creation of a preliminary array that effectively
discriminated the analytes. No anions other than halides were examined with this system.
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5.2.6. Lanthanide Metal-Containing Crowns. Lanthanide metal-containing cyclen hosts have unigque
structural and optical properties that make them exciting candidates for supramolecular luminescent
sensors. The inherent phosphorescence of such species facilitates time-resolved detection schemes, in
which the luminescence lifetime of the host is altered in response to association with a guest analyte. In
such systems, background biological fluorescence, which is normally a strong interferent, is not part of the
detected signal because it typically occurs on much shorter time scales than the phosphorescence.®*® In one
example of a lanthanide metal-containing crown, terbium-containing 234 (Figure 91) was used for the
detection of adenosine nucleotides in aqueous conditions.®!* The complexation of 234 with ATP induced
PET from the purine base to the phenanthridine fluorophore of 234, leading to a quench of emission. ADP
and AMP could also be detected in this manner, although the quenching efficiency was lower for these
analytes compared to ATP-induced quenching. Stern-Volmer constants for ATP, ADP, and AMP with this
host were found to be 1.28 M, 0.85 M, and 0.397 M, respectively. The system was most effective in the
analyte range of 1 to 10 mM, which is within the typical intracellular concentration range for these analytes.
Another terbium complex, in this case containing an azaxanthone fluorophore, 235 (Figure 91), was utilized
by Urano and coworkers for the detection of NADH. NADH association was shown to have a Stern-Volmer
constant of 1.9 x 10° M, and led to a decrease of luminescence intensity and luminescence lifetime of the
host, whereas NAD* had minimal effects on both of these properties. This differential analyte response was
applied to the monitoring of the NADH-dependent enzymes lactate dehydrogenase, alcohol dehydrogenase,
and malate dehydrogenase. In a report by Ito et al., chiral europium and terbium containing species, (R)-
236 and (S)-236 (Figure 91) were able to differentiate amino acid anions based on both the chirality and
steric size of the analyte.®”® Azab and coworkers found that the complex formed in situ from europium
hydrate, cyclen, and a fluorophore, 4,4,4-trifluoro-1-(2-naphthyl)-1,3-butanedione, responded to the
presence of DNA, nucleosides, and nucleotides. 3
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Figure 91. Terbium and europium containing cyclen complexes used for the detection of biologically
relevant molecules3!3.1379.1380

Cations are also targets for sensing with lanthanide metal-containing luminophores. For example,
ytterbium-centered cyclen, 237 (Figure 92) formed an association complex with 8-hydroxyquinoline
sulfate, and that complex was used for the detection of zinc by Gunnlaugsson and coworkers.*38! Strong
phosphorescent emission of the initial host was hypothesized to be due to the sensitization of Yb®* by the
triplet excited state of 8-hydroxyquinoline sulfonate via a Dexter (i.e. electron exchange) energy transfer
mechanism. Zinc quenched the emission of the supramolecular complex by displacing 8-hydroxyquinoline
sulfate, thus enabling zinc detection at concentrations as low as 68 uM. Rhodamine-appended gadolinium
complex 238 (Figure 92) was also able to detect zinc, with increased fluorescence emission occurring upon
zinc complexation.’®®? This complex also was used for monitoring pH due to the ring opening of the
spirolactam under acidic conditions and concomitant emission changes. Gunnlaugsson and coworkers
reported two more instances of cation sensing by these types of complexes. The first, terbium-based 239
(Figure 92), experienced a decrease in fluorescence emission upon complexation with both Cu?* and
Hg?*.138% In the second report, a europium-bound cyclen associated with a phenanthroline fluorophore to
form complex 240 (Figure 92), which was used for the detection of Fe?*.2%4 By monitoring changes in the
luminescence emission that occurred as Fe?* sequestered the fluorophore from the europium host, a
detection limit of 10 pM Fe?* was reached. This technique was not selective however, and other transition
metals disturbed the emission profile of the host as well. Terbium crown ether complex 241 (Figure 92)
was reported by Leonenko et al. to form a 1:2 host-guest complex, with Th** residing in the crown ether
cavity and coordinating to the carboxylic acid moiety.**® As crown ethers bind more strongly to alkali
metals than to softer metals, the addition of Na* and K* displaced Th*" from the cavity, but not from the
carboxylic acid, leading to a decrease in emission. Detection limits were observed for NaCl and KCl at 1.50
ppm and 25 ppm, respectively.
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Figure 92. Lanthanide-metal cyclen complexes used for the detection of cations, 3811385

Gunnlaugsson and coworkers have also developed supramolecular terbium complexes for the detection
of anions. Terbium association complex 242 (Figure 93) underwent emission quenching in the presence of
phosphates and nitrates, because these anions associated with the terbium center and displaced the pseudo
crown ether linkages. Pyrophosphate bound most strongly to terbium, leading to a complete quench of
emission, with dihydrogen phosphate, nitrate, chloride, and acetate leading to weaker binding and lesser
degrees of emission quenching.*® In a final report of such complexes, Nakai and coworkers utilized
terbium-based 243 (Figure 93) as an oxygen sensor.??! Under a nitrogen atmosphere, the quantum yield of
243 was found to be 0.91, as opposed to 0.031 in oxygen-containing open-air conditions, and a Stern-
Volmer quenching constant of 1.26 x 10* M was calculated. Successive additions of nitrogen atmospheres
and open-air atmospheres switched the emission profile of 243, indicating the high reversibility of the
system.
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Figure 93. Terbium-based cyclen sensors for the detection of phosphate, 242,13 and oxygen, 243!

5.2.7. Cyclotriveratrylenes. Cyclotriveratrylenes are a class of trimeric cryptand macrocyclic hosts
typically formed from the condensation of veratrole alcohol, which often occurs under acidic conditions.*%’
Whereas pillararenes and calixarenes are formed from repeating aromatic units that are joined in the 2,5
and 1,3 positions, respectively, cyclotriveratrylenes are joined in the 1 and 2 positions, resulting in their
shallow, bowl-like cavity. Like these two similar macrocycle classes, cyclotriveratrylenes can be easily
functionalized at the upper rim, effectively extending the size of the cavity, often in an alternating pattern
to form Cs-symmetric cyclotriveratrylenes. In addition to their use in detection schemes,
cyclotriveratrylenes have also been used for materials applications and in separation chemistry, 13871388
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Gosse and coworkers have developed several cyclotriveratrylene hosts for the complexation of choline,
an essential nutrient, and acetylcholine, a neurotransmitter, both of which are present in mammalian
brains.’® In 2009, the group developed a cyclotriveratrylene bearing alternating electron-donating
methoxy groups and electron-acceptor phosphonate groups, 244 (Figure 94).2%° While this is the first
reported example of a fluorescent detection method using a cyclotriveratrylene, acetylcholine was only
found to bind to 244 with association constants of 63 M in water and 23 M in physiological media, and
no other analytes were examined. In a subsequent publication, the group developed 245 (Figure 94), a
similar host, which was found to bind to choline more effectively than acetylcholine in HEPES buffer with
association constants of 66 M and 23.4 M, respectively, with a 1:1 host-guest stoichiometry assumed. 3%
Additionally, trimethylpentylammonium, tetramethylammonium, and methoxycholine were found to bind
less effectively than choline, leading the authors to conclude that the hydrogen bonding abilities of choline
coupled with electrostatic and cation-r interactions drive the host-guest binding of choline in this instance.
Improving upon these two systems, 246 (Figure 94) was found to bind to acetylcholine and choline with
association constants of 5.39 x 102 Mt and 2.40 x 102 M, respectively.¥ In contrast to the selectivity
observed with 245, 246 was more selective for acetylcholine than choline, and other, less polar quaternary
amines, trimethylpentylammonium and methylcholine, demonstrated a higher binding affinity than either
target analyte, indicating strong contributions from intermolecular hydrophobic interactions. Limits of
detection were found to be 0.25 mM for acetylcholine and 0.5 for choline, which are lower concentrations
than the 1 mM amounts typically found in the human brain.

The emission of 247 (Figure 94), a cyclotriveratrylene bearing quinolinyl appendages, was found by
Moriuchi-Kawakami et al. to be enhanced by the presence of Cu?* in acetonitrile.3%2 A 12-fold increase in
emission was observed, with Mg?* and K* only leading to 4-fold and 2-fold increases, respectively. A
poly(vinyl chloride) polymer membrane was then used to encapsulate the cyclotriveratrylene host and used
for the detection of concentrations of Cu?* as low as 10 uM. The detection of metal cations, anions, and
small molecules was also probed with a series of cyclotriveratrylene-lanthanide metal coordination
polymers by Ma et al.*** Due to their electron-rich nature and bowl-shaped shallow cavity,
cyclotriveratrylenes can act as electron exchange donors to enhance the luminescence of lanthanide metals
through sensitization (section 2.2.3). The emission profiles of both Eu®*-248 and Th%*-248 (Figure 94)
coordination polymers were quenched by the presence of Fe3*, MnOy, and nitromethane. Stern-Volmer
constants of the host-guest interaction of Fe3* with the Eu** and Th** coordination polymers were found to
be 3.697 x 10° M and 8.005 x 10° M-, respectively. In contrast, the Stern-Volmer constants for binding
with MnO4 were found to be 5.989 x 10° M with the Eu®*-248 coordination polymer and 1.460 x 10° M
with the Tb3*-248 coordination polymer. While no other anion or cation was found to similarly quench the
systems, other iron species, M3* species, or anions with similar oxidizing properties as MnO4~ were not
examined. Nitromethane also quenched the emission of these coordination polymers, with quenching
efficiencies of approximately 90 %. However, no other nitro-organic compounds were examined, and so
the system selectivity could not be determined.

Cyclotriveratrylenes have been found to be effective for the binding and detection of Cs due to electronic
complementarity between the electron rich cavity of cyclotriveratrylene and the electron accepting
capabilities of fullerenes, which leads to photoinduced electron transfer.**413% Fyllerenes, which are
carbon nanomaterial cages with extended n-Systems, are of interest due to their redox-active properties,
potential use in photodynamic therapy, and antimicrobial activity.'*® Yang et al. developed two
cyclotriveratrylenes, 249 and 250 (Figure 94), bearing sugar-derived lactopyranosyl and glucopyranosyl
appendages, respectively, which extend the cyclotriveratrylene cavity and enhance the water solubility of
the host and the host-guest complex.’®* In the presence of Cg in a 1:1 toluene-DMSO mixture, the
fluorescence of both cyclotriveratrylene hosts decreased, with an 80 % quenching of the 250 fluorescence
observed with the addition of 5 equivalents of Cg. Association constants of the 249 and 250 host-guest
complexes were found to be 5.09 x 10* M* and 1.38 x 10° M, respectively, with the bulkier lactopyranosyl
chains of 249 slightly hindering the binding of Ceo. In contrast to the mixed organic solvent, fluorescence
changes in aqueous solution were only observed after an extended time period of 30 hours, with significant
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differences observed after 20 days. Deschamps et al. synthesized cyclotriveratrylenes with zinc(ll)
porphyrin appendages which bound moderately well to Ceo and led to fluorescence quenching.’®*® 251
(Figure 94), which bears a single zinc(Il) porphyrin appendage, was found to bind to Ceo With an association
constant of 4000 M and a Stern-Volmer constant of 2.86 M. Increasing the number of appendages led
to dimerization of the zinc(ll) porphyrin moieties, thus blocking off the binding pocket and hindering
binding.
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Figure 94. Cyclotriveratrylene hosts used for the fluorescence detection!389-13%
5.3. Metallamacrocycles.

Metallamacrocycles, also known as metallacages and metallacycles, are supramolecular hosts which are
formed spontaneously by metal-ligand coordination-driven self-assembly.t*"13% Because transition metals
have well-defined and predictable coordination spheres and ligand interactions, they can be used for rational
and predictable metallamacrocycle design. The presence of a metal node in the macrocycle leads to unique
photophysical properties, and often higher selectivities for certain analytes compared to analogous non-
metallic hosts. Due to the spontaneous and straightforward nature of the self-assembly process, the use of
tunable ligands allows for highly modular syntheses, in which libraries of these compounds can be rapidly
produced and their sensor ability can be rapidly screened.t3%

Two tetracoordinate platinum-based metallamacrocycles have been reported by Mukherjee and
coworkers for the detection of pyrophosphate, a biologically relevant anion,**® and maleic acid, a
commonly used raw material for industrial processes,*® by analyte-induced fluorescence enhancement. The
emission profile of metallamacrocycle 252 (Figure 95) underwent a 3.5-fold increase in intensity upon the
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addition of one equivalent of pyrophosphate, with a Stern-Volmer constant of 2.4 x 10* M, and no other
anions, including dihydrogen phosphate, promoted such enhancement.’*® However, no other biological
sources of phosphate were examined, nor were analyte competition experiments conducted. 253 (Figure 95)
bound maleic acid with a 1:2 host-guest stoichiometry, a Stern-Volmer constant of 1.4 x 10* M, and a
resultant 2.5-fold fluorescence enhancement.®8 Other dicarboxylic acids, by contrast, induced only minimal
changes in the fluorescence spectrum. Despite the similarities between 253 and 252, there are no reports of
anions being examined as guests for 253 nor dicarboxylic acids being examined for possible binding with
252. Stang and coworkers synthesized ruthenium-based metallamacrocycles 254 and 255 (Figure 95) that
were also used for the detection of multi-carboxylate species.’®* 9-fold, 7-fold, and 5-fold increases in
emission of 255 were observed upon the addition of four equivalents of citrate, tartrate, and oxalate,
respectively, and with Stern-Volmer constants of 1.9 x 10* M with tartrate and 2.7 x 10* M with citrate.
Other anions investigated interacted only minimally with both macrocycles.
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Figure 95. Platinum- and ruthenium-based metallamacrocycles that have been used for the detection of
organic anions®78:1400.1401

Wu et al. reported the synthesis of cobalt-based 256 (Figure 96) and its use for the selective detection of
ATP, with no other biological phosphate leading to an emission change.*? Although the technique was
selective, the fluorescence of 256 did not change until 20 equivalents of ATP were added, and while there
was a linear change in fluorescence between 30 and 40 equivalents, there were no further changes at higher
ATP concentrations. Thus, this system was only viable in a small range of ATP concentrations, with lower,
biologically-relevant concentrations being undetectable. The Stang group produced bi- and tri-metallic
macrocycles 257 and 258 (Figure 96) that were used for the detection of the nitroaromatics picric acid and
trinitrobenzene.’® The authors hypothesized that strong n-m interactions facilitated energy transfer from
the electron-rich metallamacrocycles to the electron-deficient analytes, leading to decreases in emission.
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Finally, Guzman-Percéstegui et al. developed a series of macrocycles of the general form 259 (Figure 96)
for the detection of trinitrophenol.**** Higher quenching efficiencies were seen with macrocycles containing
tetrahedral metal ions (i.e. n = 2), and approximately 700 uM of trinitrophenol was sufficient to quench

90% of the emission of the majority of macrocycles produced.
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Figure 96. Metallamacrocycles that have been used for the detection of ATP and nitroaromatics402-404
5.4. Additional Macrocycle Hosts.

5.4.1. Peptide Macrocycles. Peptide-containing macrocycles have been reported extensively in the
chemical literature, and their use in drug discovery,’*® in the elucidation of biologically-relevant
supramolecular interactions, % and in achieving understanding of disease mechanisms and progression4®’
has been described in several excellent reviews. Compared to other classes of macrocycles, those that
contain peptides tend to be more polar, due to the highly polar amide backbone; have greater varieties of
three-dimensional configurations, based on the ability of the peptides to adopt a-helices, B-sheets, and other
tertiary structures;'“%® and contain significantly greater structural diversity, as a result of the ability to
incorporate all 20 natural amino acids as well as a variety of non-natural variants.'*% Advantages of peptide
macrocycles include synthetic accessibility of a broad range of architectures,*#'° through the use of solid-
phase peptide synthesis!*** and other synthetic techniques?*'? to access the targets, as well as the ability to
access peptoids,**®® foldamers,**!* and other non-natural peptide-like architectures**® through similar
synthetic techniques.

Peptide-containing macrocycles have also been used as chemical sensors, with binding of a target analyte
resulting in measurable signal changes for either the analyte guest and/or the macrocycle host. These signal
changes encompass changes in the 'H NMR spectral signals, in the UV-visible signals, and in the
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luminescence (fluorescence and/or phosphorescence) spectral properties.*1® In one example, Iwasaki et. al.
designed a peptide-containing macrocycle with photophysically active units (fluorescein or Alexa Fluor
633) covalently attached to the side chain of a lysine residue.’*!” These fluorescent macrocycles bound to
the extracellular domains of a particular MCF7 cell line, with the optimal thioether-containing macrocycles
identified using four rounds of guided selection. Notably, an extremely strong association complex between
the macrocycle and the cell membrane was observed, with a 1.7 nM dissociation constant reported.

Fully synthetic peptide-based macrocycles were synthesized by the Harran group using a highly efficient
synthetic sequence, using a chiral, orthogonally functionalized w-octynoic acid as the key intermediate
(Figure 97).1418 The optimized synthetic sequence was used to generate a mimic of a mitochondria-derived
caspase activator, with the ability to rapidly generate fully synthetic architectures critical for identifying
high performance products. The use of a wide variety of other macrocyclic peptides for biologically-
relevant applications, including targeted cellular sensing,'*® the inhibition of protein-protein
interactions,'#? the targeting of telomeric repeat binding Factor 2 (TRF2) and Apollo interactions,**?* and
the detection of highly curved membrane surfaces!#?? have also been reported.

| oM™ 4 steps!
f

Figure 97. Schematic illustration of the use of a complex w-octynoic acid as a scaffold for the assembly of
complex, peptide-derived macrocycles. Reproduced from Ref. 1418. Copyright 2018 American Chemical
Society.

An interesting example of peptide-based macrocycles for biologically relevant sensing was reported by
Penas et. al., who used solid-phase synthesis with F-moc protected amino acids to rapidly assemble a 20-
mer oligopeptide.1*?® A terbium-chelating macrocycle was appended to the peptide while it was still on the
solid support, with subsequent cleavage from the resin, followed by incubation with a terbium salt to form
the target heavy-metal containing acyclic peptide variant. Binding of this peptide to an RNA hairpin
structure resulted in folding of the peptide into an ordered, a-helical structure, with concomitant increases
in the terbium luminescence enabling selective sensing of the target RNA hairpin. A detection limit for this
system of approximately 1 nM was reported, based on strong binding between the peptide and the RNA
structure (ca. 12 nM dissociation constant). In related work, Li et. al. synthesized a gadolinium-binding
peptide-based chemical sensor, which was used for the effective molecular imaging of prostate cancer via
highly selective sensor-prostate tumor interactions.}*?* Other lanthanide-containing, peptide-based
chemical sensors have also been reported. 14251426

A combination of a macrocyclic peptide and carbon-based materials was reported as a highly sensitive
and selective chemical sensor by Wang et. al.}*?” This hybrid sensor detected cyclin A,,*8 a protein that
indicates early-stage cancer,4?® with detection limits as low as 0.5 nM reported. Both graphene oxide and
single-walled carbon nanotubes quenched the fluorescence of the terbium-chelating, peptide-derived
macrocycle (Figure 98). Addition of cyclin A, resulted in strong binding between the cyclin protein and the
macrocyclic sensor, removing the macrocycle from proximity to the carbon nanomaterials and restoring the
terbium luminescence.
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Figure 98. Schematic illustration of how a terbium-binding peptide-derived sensor can be used as a highly
selective sensor for cyclin A; based on the restoration of the sensor’s luminescence. Reproduced with
permission from Ref. 1427. Copyright 2010 Wiley.

5.4.2. Other Macrocycles. The macrocyclic hosts discussed in this section are those that do not fall into
any of the previously discussed categories. While the classes of macrocycles previously discussed have
demonstrated favorable performance as supramolecular luminescent sensors, designing new classes of
macrocycles has notable advantages, including the ability to manipulate the intermolecular forces that
govern host-guest interactions, leading to the creation of hosts that are highly suited to bind specific
targets.?® For example, highly conjugated tetra-cationic cyclophane, ExBox was designed by Stoddart to
form strong inclusion complexes with PAHs?*? based to n-m stacking and electrostatic (cation-m)
interactions.*® Additionally, the Levine group has rationally designed a series of macrocycles bearing
electron-rich and electron-deficient aromatic units, which they used to elucidate the effect that small
changes in host structure and configuration have on the ability to bind small molecule guests.?®

Biologically important transition metal cations, such as zinc, copper, and iron, including those with
negative biological effects such as mercury and cadmium, are common target analytes for supramolecular
detection schemes. An intriguing series of helical macrocycles were synthesized by Nakatani et al. for zinc
detection, wherein the helical structure was held together by a salt bridge in the center of the molecule.*#!
Upon disturbance of the salt bridge, the macrocycle helical structure was disrupted, leading to measurable
changes in photophysical properties. Three variations of this system were synthesized, with the only
differences being whether the ester linkages were bound to the ortho-, meta-, or para position (260, 261,
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262, respectively, Figure 99) of the phenylacetylene moiety of the macrocycle core. Zn?* was shown to
effectively disrupt the helical structure of all three hosts, leading to zinc-induced changes in the
photophysical properties. The addition of Zn?* to 260 or 261 caused a significant bathochromic shift in the
emission signal, with the signal intensity of 261 significantly enhanced. Conversely, the addition of Zn?* to
262 led to almost full quenching of the macrocycle emission. With three different hosts leading to different
fluorescence responses upon analyte introduction, this system could potentially be used as an effective
array-based system. No other metal cations were examined, and the performance of this system in fully
aqueous media was not examined. Moreover, the addition of trifluoroacetic acid also disrupted the helical
nature of the macrocycle. Another example of zinc detection used calixarene-like “calixsalene” species 263
(Figure 99).1432 Upon addition of Zn?* to the macrocycle, a unique hypsochromic shift in emission occurred.
Some transition metal ions, including Fe**, Hg?*, and Cu?* slightly interfered with the system’s ability to
detect zinc, whereas even up to 100 equivalents of Na*, K*, Ca?*, and Mg?* had no effect on the observed
emission enhancement. Successful incubation of HeLa cells with 263 allowed for the detection of
exogenous zinc in vitro by confocal fluorescence imaging, suggesting that this technique has potential for
biological applications.

261: m-
262: p- Bu

Figure 99. Several macrocycles that have been used for the detection of metal cations43:1432

A fully conjugated macrocycle, 264, provided a colorimetric and fluorescent sensor for Cu?*, as reported
by Feng et al.*® In solution, this planar molecule spontaneously aggregated into nanofibers. The formation
of a 1:2 host-guest complex with copper led to the full quenching of the emission spectrum due to disruption
of the nanofiber structure, with other metal cations leading to only mild signal alterations. The detection
limit for Cu?* was 1.1 nM, and the system was effectively employed in complex environmental systems,
including lake, river, and pork juice-containing samples. Moderate changes in quenching efficiency were
observed in the presence of competing metal cations.

Porphyrin-like molecule 265 (Figure 100) synthesized by Ishida et al., exhibited a strong enhancement
of emission upon the addition of Mg?*, along with a bathochromic shift of the emission maximum from 572
nm to 639 nm.}*3* Notably, there was a negligible fluorescence response of the macrocycle to other
biologically relevant cations, including Na*, K*, and Ca?". Transition metal species did affect macrocycle
emission; however, the concentrations of transition metals are much lower than the concentration of Mg?*
in biological systems. Goswami et al. employed 266 (Figure 100) as a PET probe for both cadmium and
zinc.1** Although responsive to both species, the host bound to Cd* more strongly than to Zn?*, with a
Benesi-Hildebrand constant of 1.14 x 10° M for the former and 4.08 x 10* M for the latter, and no
perturbation of Cd?*-enhanced emission was seen by the addition of Zn?*. Dai et al. found that Hg?* could
successfully quench the emission of host 267 (Figure 100) in acetonitrile or an acetonitrile/water
mixture.}*% No other metal cations quenched or enhanced the emission of 267, nor did they impact the
quenching of the macrocycle by Hg?*. The detection limit of Hg?* was 0.15 uM in acetonitrile, which
increased to 3.6 uM in an 8:2 acetonitrile: water solvent mixture. Likewise, the binding constant of Hg?*
and 267 decreased from 2.55 x 10* M* to 5.86 x 10 M! with the addition of water to the solvent mixture.
Baxter and coworkers reported two systems in which the strained acetylenic hosts exhibited photophysical
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changes upon complexation with Hg?*. However, the hosts in these systems were either non-selective
toward Hg?* or not compared against other, potentially interfering, heavy metal cations.'*3¢47 Ganapathi
et al. synthesized two S- and N-containing porphyrin-like macrocycles with BODIPY or BODIPY -like
fluorophore appendages, 268 and 269 (Figure 100) which bound selectively to Hg?* to produce increases
in emission intensity.4%® A final example of cation sensing reported the synthesis of three phenyl-urea based
macrocycles that were shown to complex a range of cation and anion analytes.*4*
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Figure 100. Synthetic macrocycles that have been employed as sensors for metal cations!433-1435.1438

There have been several examples of anion-sensing platforms with fully synthetic macrocycles reported
since 2010, focused mainly on the detection of anions commonly found in biological systems, including
phosphates, halides, and sulfates. In 2013, Martinez, Gao, and coworkers synthesized a series of acridine-
and anthracene-based benzimidazolium macrocycles as selective sensors for H.PO4, enabling comparisons
of the effects of macrocyclic structure and rigidity on the host sensing ability. In one report, acridine-
containing macrocycles 270-273 (Figure 101) were developed, and the addition of four equivalents of
H,PO4 caused all macrocycles to undergo substantial bathochromic shifts, which allowed for ratiometric
sensing of the target anion.**° Notably, no other anions led to any shift in the emission wavelength
maximum, and only F led to a noticeable decrease in emission, however, competition experiments were
not conducted. It was hypothesized that H.PO, promoted the assembly of excimers between two acridine
moieties, whereas other anions could not. Comparing the results of the four macrocycles led to the
conclusion that increased ring size decreased the magnitude of the bathochromic shift: although all
macrocycles initially emitted at 430 nm, with the addition of H,PO4, the excimer peaks of 270, 271, and
272 appeared at 556 nm, 544 nm, and 503 nm, respectively. The addition of H,PO, to the smallest ring
macrocycle, 270, also quenched the excimer peak so that it was less intense than that of 271 and
significantly smaller than that of 272. An increase in macrocycle rigidity decreased the extent of the
bathochromic shift; rigid benzene ring-containing 273, for example, demonstrated a smaller shift than the
hosts containing flexible alkyl chains, with an excimer peak for 273 appearing at 466 nm. In the second
report, acridine- and anthracene-containing benzimidazolium macrocycles with and without urea moieties,
274-276 (Figure 101) were synthesized and compared to 272.144! The effect of the urea unit was clear, as
274 (with urea) showed almost a four-fold increase in excimer emission compared to 272, which is urea-
free. Moreover, acridine units promoted greater detection ability than the analogous anthracenyl species.
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Indeed, the detection limits toward phosphate of acridine-containing 274 and anthracene-containing 275
were found to be 1.0 uM and 6.5 uM, respectively, when measured in acetonitrile solution. Competition
experiments with additional anions confirmed that 274 and 272 are selective for H:PO, even in the presence
of 10 equivalents of competing anions.

A third example of the sensing of dihydrogen phosphate anion was reported by Ghosh and Saha in which
host 277 (Figure 101) was synthesized and used as a supramolecular sensor.*** In acetonitrile, the addition
of three equivalents of H,PO4 to 277 deactivated an internal PET mechanism and led to an almost seven-
fold increase in emission. However, the probe was not completely selective, as three equivalents of fumarate
led to a nearly three-fold fluorescence increase. Additionally, in a 1:1 mixture of acetonitrile in water, four
equivalents of dihydrogen phosphate led to a negligible fluorescence enhancement, whereas the addition of
ATP, ADP and pyrophosphate led to noticeable emission enhancements.
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Figure 101. Synthetic macrocycles that have been used for anion detection#40-1442

Zapata et al. discovered that species 278 and 279 (Figure 102) were able to selectively detect bromide
and iodide ions via halogen-bond promoted complexation in an aqueous environment.>® 278, which
contains bromo-imidazolium functionalities, bound more strongly to I (K, = 6.31 x 10° M%) than Br (K, =
2.88 x 10* M1), leading to 5.8-fold and 2.0-fold emission intensity increases, respectively. Conversely, 279,
containing iodo-imidazolium units, bound more strongly to Br- (K, = 9.55 x 10° M) than I (K, = 3.71 X
10* M), with a 6.4-fold increase in emission for the former compared to a 1.6-fold increase with the latter
analyte. These findings exemplified that halogen-bonding was the predominant driving force of the host-
guest binding in this system that resulted in luminescent spectral changes. No other halide or oxo-anions
were shown to have an effect on the emission spectrum of either macrocycle.

Disulfide-containing macrocycle 280 (Figure 102), synthesized by Vonnegut et al., underwent
discernable bathochromic shifts, when the macrocycle was fabricated into thin films and soaked in
hydrochloric acid or trifluoroacetic acid.**** In solution phase, by contrast, no emission shift was observed.
Zhou et al. developed tetrakisimidazolium host 281 (Figure 102) for the selective detection of SO,%.144
The formation of a 2:1 host-guest sandwich-like complex, with a high association constant of 8.6 x 10° M
Lin aqueous solution, led to a dramatic emission enhancement. Competition experiments with up to 20
equivalents of other anions led to only small changes in the fluorescence enhancement. However, the effects
of other oxygen and sulfur containing species, such as HSOs™ or HSO4", on the emission properties of the
free host or of the 2:1 host-guest complex were not reported. Finally, a porphyrin-like molecule was
synthesized by Do-Thanh et al. which underwent fluorescence changes upon binding to a range of ions.#4
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Figure 102. Macrocycles that have been shown to sense aniong3®0:1443.1444

Feng et al. were able to detect minute amounts of explosive trinitrotoluene (TNT) by analyte-induced
fluorescence quenching in 95% aqueous solution, with detection limits of 1 nM, 10 nM, and 20 nM, using
macrocycles 282, 283, and 284 (Figure 103), respectively.#46 Although dinitrotoluene (DNT) could also be
detected by this method, albeit with reduced quenching efficiency, other nitroaromatic compounds showed
little effect on the emission of 282 and 283. Compound 284 was less selective than the other hosts, with
moderate fluorescence quenching induced by nitrobenzene and dinitrobenzene. This method was shown to
effectively detect TNT in a complex environmental sample of a soil-water mixture, indicating that the
method was not hampered by the presence of other materials, such as metal ions and organic material, that
exist in such media. Furthermore, the detection scheme was translated to solid state detection, through
dipping pieces of filter paper in a solution of macrocycle, and then allowing the paper to dry. Upon addition
of 10 uL of aqueous solutions of varying concentrations of TNT, analyte-induced quenching was observed
with UV light-irradiation, even at a low analyte concentration of 0.1 pM.
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Figure 103. Conjugated macrocycles that have been used for the detection of various analytes97:1446-1448

The Levine group has synthesized a variety of macrocycle hosts with electron-rich and electron-poor
aromatic units connected by biphenyl linkers, with the general structure shown in Figure 104.%%° The
macrocycles formed ternary complexes with benzo[a]pyrene, which is an example of a highly toxic PAH
analyte, and BODIPY fluorophore, resulting in proximity-induced energy transfer from the analyte to the
fluorophore. The BODIPY emission peak could be enhanced nearly 4-fold by energy transfer from the
benzo[a]pyrene energy donor, with the particular energy transfer performance intimately dependent on the
structure of the macrocycle used. The group also synthesized a fluorenone-based fluorescent macrocycle,
285 (Figure 103) that encapsulatedpolycyclic aromatic hydrocarbons (PAHSs) with 2.2 nM to 37.2 nM
detection limits, depending on analyte identity.?®” The same host also formed a 2:1 complex with fluoride
that was detectable by changes in 'H NMR chemical shifts. Another fluorenone-like macrocycle, 286
(Figure 103) was found by Li et al. to encapsulate bisphenol F, an industrially relevant toxicant, in a 1:1
ratio with a detection limit of 157 nM.#7 In this report, one potentially interfering analyte, p-cresol, was
found not to interfere with the detection of bisphenol F, but no other potential interfering species were
examined. Scherman and coworkers employed ExBox, 287 (Figure 103) originally designed by Stoddart,?*?
as a host for the detection of melatonin, a sleep hormone, via the displacement of a perylene diimide dye.*3
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A 46% quench of emission of the dye was seen upon the addition of 1 equivalent of melatonin, and other,
similar neurotransmitters had no effect on the luminescence of the ExBox:perylene diimide complex.
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Figure 104. A series of macrocycles synthesized by the Levine group that bear electron-rich and electron-
deficient units for the detection of PAHs?%®

Both (R)- and (S)- enantiomers of 288 and 289 (Figure 105) were synthesized by Ema, Anzenbacher, and
coworkers and were able to differentiate between the enantiomers of cytidine monophosphate, an anionic
nucleotide, with moderate selectivity.}**® The hosts also provided unique responses to other anionic
nucleotides, regardless of chirality, and a linear discriminant analysis (LDA) using the four-sensor array
was constructed that allowed for 100% correct classification of the analytes. A subsequent paper by the
same group found that hosts 290-293 (Figure 105) could be used to determine the enantiomeric excess of
five different pharmaceutical agents with only a 1.6% prediction error.2#° LDA was used to differentiate
ibuprofen (IBP), ketoprofen (KTP), 2-phenylpropionic acid (2-PPA), mandelic acid (MA), and
phenylalanine (Phe) and to provide semi-quantitative analysis (Figure 106). Additionally, a support vector
machine (SVM) algorithm was used to fully quantify the enantiomeric excess of individual mixtures.
Interestingly, the presence of non-chiral carboxylates and phosphates did not hinder chirality determination
of the analytes of interest. In another example, the axial chirality of triazine-based binaphthyl host 294
(Figure 105) and similar species, were found by Xu et al. to promote the selective chiral detection of the
amino acid alanine.*! The emission of the R-enantiomer of 294 increased in the presence of R-alanine but
was unaffected by the presence of S-alanine. The authors proposed that mechanism of such emission
increases was that the oxygen and nitrogen moieties of the macrocycle quench the fluorescence of the
binaphthyl groups by PET, and analyte binding interrupts that PET.
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Figure 105. BINAP-containing macrocycles used for the chiral differentiation of analytes44%-1451
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Figure 106. LDA analysis of achiral — acetate, benzoic acid (BA) - and chiral analytes —mandelic acid
(MA), ibuprofen (IBP), 2-phenylpropionic acid (2-PPA), ketoprofen (KTP), and phenylalanine (Phe) -
using 290-293 as luminescent sensors. Fluorescence response was dependent on enantiomeric composition,
providing linear trends (dotted lines) that were used for the 100% correct classificaition of the enantiomeric
excesses of mixtures. Reproduced with permission from Ref. 1450. Copyright 2016 Royal Society of
Chemistry.

A series of peptidomimetic macrocycles that were designed by Burguete et al. (Figure 107), enabled the
detection of aliphatic, unreactive amino acids, which are particularly challenging targets for detection.45
Introduction of carboxybenzyl (CBZ)-protected L-phenylalanine led to a decrease in the emission of an
exciplex formed from PET between the naphthalene fluorophore and secondary amines of the host 295.
This ratiometric behavior of the host was observed in the presence of CBZ-L-valine, CBZ-L-alanine, or
BOC-L-phenylalanine, with highly analyte-specific responses observed. The authors used 295 to identify
the excess or deficiency of phenylalanine that would be produced from phenylketonuria (PKU) or maple
sugar urine disease (MSUD), respectively. Solutions containing CBZ-L-phenylalanine, CBZ-L-leucine,
and CBZ-L-valine that were comparable to those found in healthy conditions and under simulated disease
conditions were added to host 295, and the ratiometric emission output was used to differentiate the
samples. Results indicated that the sample containing normal concentrations of the three amino acids gave
a monomer to excimer ratio of 1-2, the sample with PKU conditions showed a ratio of 2-3, and the MSUD
sample conditions produced a ratio of 0-1. Although this technique shows promise for future applications,
the sensing technique was not attempted in biological conditions or aqueous media, and variations in the
molar ratio of host to guest were not reported.
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Figure 107. Peptidomimetic hosts used for the detection of amino acids?#%?

The capsule-like host shown in Figure 108 was applied to the detection of monoterpenes, fragrant
compounds found in essential oils, by Suzuki et al. in 2016.14® The addition of an analyte led to the
formation of a 2:1 host-guest system with two molecules of 296 forming a capsule-like structure around the
guest and leading to changes in the emission spectrum of the host. Furthermore, the shape of the guest led
to differing spatial rearrangements of the capsule, causing highly guest-specific perturbations of the
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fluorescence spectra (Figure 108). The quantum yield of each host-guest system along with the fluorescence
color tone (CIE chromaticity) were used to create a three-dimensional fluorescence map to be used for the
identification of unknown guests.
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Figure 108. 2:1 host-guest system used for the detection of monoterpenes. Adapted with permission from
Ref. 1453. Copyright 2016 Royal Society of Chemistry.

A final example of the design of a macrocyclic sensor was reported by Smith and coworkers in 2017.14%4
Tetralactam macrocycle 297 (Figure 109) was employed in a detection scheme for an influenza-indicative
viral neuraminidase by encapsulating a guest that had been altered by the neuraminidase, thereby enhancing
its fluorescent signal. Upon addition of squaraine fluorophore 298 to a solution containing the
neuraminidase, the sialic acid blocking groups of 298 were cleaved to form 299 which readily threaded into
host 297. Upon encapsulation, energy transfer from the macrocycle to the squaraine led to squaraine-
specific fluorescence emission at 720 nm (via 390 nm excitation of the macrocycle). This system was also
used to test drug inhibition of viral neuraminidases, with potential future applications in identifying proper
treatments for specific viruses.
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Figure 109. Host and guest species used for the detection viral neuraminidase as reported by Smith and
coworkers'4**

5.5. Mechanically Interlocked Hosts.

Mechanically interlocked hosts are those in which two or more system components are prevented from
separating by steric blocking, that hinders movement between the two components, or by interlocking, that
makes it physically impossible for the two components to separate.'>® Two such architectures, catenanes
and rotaxanes, are shown in Figure 110.

[2]Catenane [2]Rotaxane

QD ofe

Figure 110. Representation of a [2]catenane and [2]rotaxane. Reproduced with permission from Ref. 1455.
Copyright 2017 Royal Society of Chemistry.

5.5.1. Catenanes. Catenanes are composed of two or more interlocked, but not covalently linked,
macrocyclic rings, and are almost always fabricated via templation of the components prior to assembly. 4%
The first allusion to the possibility of catenane structures was put forth by 1915 Nobel Laureate Richard
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Willstitter in the early 1900’s,245” however, the first published evidence of such a system was reported by
Wasserman in 1960.14%814%% Schill and Luttringhaus published the first directed catenane synthesis in
1964,146% which was improved with a metal-templation method shown by Sauvage and coworkers in
1984.1461 Other templation methods use n-w stacking,'421464 hydrogen bonding,465146¢ and halogen bonding
to prearrange the components prior to system formation.**® Common applications of catenanes are in the
formation of molecular machines and motors,*467147% and the high profile development of catenated DNA
rings was first realized by Vinograd and coworkers in 1967.1471:1472

Four examples of catenane hosts used for fluorescence detection of anions have been published by Beer
and coworkers in the past several years, all synthesized via halogen bond templation. The first, reported in
2012, utilized catenane 300 (Figure 111) to selectively bind CI" and Br- with 1:1 host-guest
stoichiometries.*” These anions promoted a ratiometric fluorescence response, likely due to the formation
of an excimer species, and no other anions perturbed the emission of the catenane. The high selectivity was
attributed by the authors to the formation of a host cavity of complementary size to the analytes along with
intra-ring halogen bonding between the two bromoimidazolium moieties. In 2015, the same group
synthesized a zinc-porphyrin-containing catenane, 301 (Figure 111).147* This host underwent very slight
changes in emission upon titration with CI-, yet no changes were seen with the addition of any other halide
species. In the same year, the group found that catenane 302 (Figure 111) exhibited significant changes in
emission upon treatment with H.PO, and OACc’, contrary to what was observed with 300 and 301 where no
oxoanion binding was observed.**” Although CI, Br-, and I also led to changes in fluorescence emission,
the differences in ratiometric response of the catenane to each anion allowed for successful differentiation,
albeit not in cases where multiple analytes were in the same solution.

] 2 PF¢O

Figure 111. A series of catenanes developed by Beer and coworkers for the fluorescence detection of
anion51473—l475

A [3]catenane was developed that was shown to undergo circumrotary motion of the two pendant rings,
303, about the central ring, 304 (Figure 112) upon treatment with certain anions, leading to noticeable
changes in emission as well as in the visible color of the solution.*”® The central ring of the catenane (red,
Figure 112) contains a fluorophore (perylene diimide, Figure 112) and two positively charged imidazolium
(orange, Figure 112) units. When the counteranion of the imidazolium units was bulky, such as PFg (brown,
Figure 112), preferential -w stacking between the fluorophore and the pendant rings of the catenane (blue,
Figure 112) occurred, promoting strong fluorescence emission. When this complex was treated with CI-
(green, Figure 112), which replaces PFe, dual halogen- and hydrogen- bonding facilitated by CI- pulled
both of the 303 rings from the fluorophore to the imidazolium functionalities, leading to a decrease in
emission. Titration experiments with NOs, H,PO4", OAC", and SO4* showed that these anions promoted the
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same behavior as ClI" in the catenane. Notably, this system was highly solvent dependent, as protic solvents
also induced circumrotary motion; thus, anion detection was only feasible in aprotic solvents.
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Figure 112. A [3]catenane developed by Beer and coworkers that undergoes circumrotary motion and a
concomitant change in fluorescence upon complexation with different anions. Adapted from Ref. 1476.
Copyright 2017 American Chemical Society.

5.5.2. Rotaxanes. Originally disclosed by Harrison and coworkers in 1967, rotaxanes are characterized by
a rod-like guest, or axle, which is encapsulated by a macrocyclic species, or wheel.}*”” Noncovalent forces
promote the encapsulation of the guest, whose ends are then capped with bulky groups that prevent its
dethreading from the macrocycle cavity.!#’® Often, the axle precursor is encapsulated using a noncovalent
template via n-n stacking,¥’® hydrogen bonding,*® anion binding,**! hydrophobic interactions,*% or
metal ion coordination,# then capped using click chemistry*® to form the final rotaxane. Most common
are [2]rotaxanes, in which one thread and one macrocycle are present,® but [3]rotaxanes3°81486.1487 and
[4]rotaxanes, #8148 involving two and three wheels, respectively, have also been developed, along with
higher order systems such as polymers, 148614 sypramolecular gels,*** and daisy chains.!#°214% Rotaxanes
have been incorporated into nanovalves'*®* and MOFs,#%14% and have been assembled onto
surfaces,1497:14%8

The majority of research on the use of rotaxanes for fluorescence detection applications has been
published by the groups of Paul D. Beer from Oxford University, Bradley D. Smith of the University of
Notre Dame, and Hong-Chen Lin from National Chiao Tung University of Taiwan. Beer and coworkers
have focused much of their work on rotaxanes containing fluorescent threads capped by tetraphenylmethane
moieties.3% 1487149 Complexation of these rotaxanes with different anions led to anion-specific fluorescence
responses. For example, the addition of small anions, such as ClI-, to [3]rotaxane system 305, shown in
Figure 113, displaced the larger PFs anions, leading to small amounts of emission enhancement.'4%
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Alternatively, in the presence of small amounts of sulfate anion, the conformation of the rotaxane was
altered, and the fluorescence was quenched. In the presence of larger amounts of sulfate, the fluorescence
was restored. A similar [2]rotaxane system containing a indolocarbazole-bearing axle, 306 (Figure 113)
was shown to detect sulfate by a moderate, sulfate-induced bathochromic shift.1*® Most recently, the Beer
group reported the enantioselective binding of dicarboxylate anions with 307 (Figure 113).3% Installing 3,5-
bis(iodotriazole)pyridinium functionalities on the axle promoted halogen-bonding with dicarboxylate
anions glutamate, maleate, fumarate, and oxalate; and an (S)-BINOL motif was utilized for
enantiorecognition of (R)- and (S)-glutamate. Complete quenching of rotaxane emission was observed,
albeit in the presence of large excesses of analyte.

Figure 113. A series of rotaxanes developed by Beer and coworkers for the detection of aniong308:1487.149
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The Beer group has also developed a number of rotaxanes with optically-active heavy-metal containing
macrocycle components. The emission of osmium-containing 308 (Figure 114) was increased with the
addition of Cl, H,POs, and AcO and moderately strong host-guest associations constants were
observed.**® Rhenium-containing 309 (Figure 114) bound to CI, Br-, and I" via halogen bonding, with the
fluorescence emission of the rotaxane enhanced by the former two anions and quenched by the latter, 5%
Additionally, lanthanide rotaxanes of the form 310 (Figure 114) were found to be semi-selective sensors
for F-,*1 and ruthenium-containing 311 (Figure 115), bearing a cyclodextrin-capped thread, was shown to
preferentially bind to I over other ions.!%%2

Bu  0GCO 'Bu O
OC-ReCl O

310; M = Lu®*; Eu®*

Figure 114. Heavy metal containing rotaxanes developed by Beer and coworkers for anion
detection.1498,1500-1502
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Figure 115. Ruthenium-containing rotaxane developed by Beer and coworkers for anion detection.
Reproduced with permission from Ref. 1502. Copyright 2016 Wiley.

The Smith group has focused on the use of fluorescent squaraine axles (Figure 116). In the presence of
CI, the quenched squaraine thread of 312 (Figure 116) was displaced and fluorescence enhancement was
observed in solution and on a rotaxane-soaked C18-coated silica gel plate.'>° The group developed a set of
“second-generation” ratiometric detection rotaxanes, which contained a squaraine axle that was more easily
displaced by CI- and was less susceptible to solvent-promoted degradation and systemic artifacts.'5%
Although these systems were effective for the detection of Cl- in the form of TBACI, the addition of more
hydrophilic salts, such as NaCl and KCI, had no effect on the fluorescence emission.

The use of rotaxanes containing fluorophore-capped axles has been employed by the Lin group in recent
years. Compound 313 (Figure 116) bearing a diketopyrrolopyrrole cap, was shown to be selective for the
detection of F~ by fluoride-induced emission quenching.'>® The fluoride anion could be displaced, and thus
the emission regenerated, by the addition of trifluoroacetic acid. The addition of base to BODIPY -capped
[2]rotaxane 314 (Figure 116) deprotonated the central amine of the axle, and the crown ether wheel shifted
from the central amine to one of the imidazolium moieties, inducing PET and leading to an emission
quench.®% The addition of H.PO4 also led to fluorescence quenching by causing a conformational change
of the rotaxane. Of note, the emission of the thread alone was also quenched by the addition of phosphate,
with a detection limit of 18 pM, as compared to 20 uM for the rotaxane, and with Stern-VVolmer quenching
constants of the thread and rotaxane toward H,PO, of 4.80 x 10* M and 3.75 x 10* M. The presence of
the axle of the rotaxane blocked the binding sites on the thread and slightly hindered interactions with
phosphate. In a final report by the group, rotaxane 315 (Figure 116) selectively bound to Fe®*", leading to
an emission quench, with a Stern-Volmer constant of 3.7 x 10* M, and bathochromic shift in the position
of the emission spectrum.®”® No other cation induced spectral changes, and even when Fe** was introduced
in the form of hemin, effective fluorescence quenching was observed.

Sun et al. developed a pillar[5]arene with a BODIPY-capped axle for the detection of pH, temperature,
and solvent,**** while Shi et al. employed a [2]rotaxane with a Rhodamine B cap for the detection of pH.1%%"
Finally, Wu et al. developed squaraine rotaxane 316 (Figure 116) for the detection of electric current.'>%
The rotaxane was spin coated onto a glass slide and exposed to electric current, with fluorescence
monitoring using scanning confocal microscopy. Upon exposure of the sensor to 1000 V/mm of current,
the fluorescence emission was completely quenched. When the electric current was removed, the emission
was restored to its original intensity, and good reversibility between the ‘on” and ‘off” state was observed.
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While all of the rotaxane systems discussed show significant promise as detection schemes for anions, pH,
or other analytes, further studies are required for the full realization of the potential of such motifs.

Figure 116. Rotaxanes containing fluorescent threads that have been employed as supramolecular hosts for
detection schemes?!5031505-1508

6. Luminescent Polymer Sensors
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The use of polymers as chemical sensors requires the existence of a transducing, or signaling element, in
or around the polymer, which can respond to the presence of the analyte with a measurable change in signal.
For luminescent sensors in particular, the measurable change occurs in a luminescent signal, i.e. either
fluorescence or phosphorescence. Fluorescent polymer sensors are by far the more common of these two
categories and can be divided into those that are conjugated in the backbone to achieve fluorescence,® and
those that contain luminescent moieties appended from or around the main polymer chain. Of note for
purposes of this review, the interactions between the target analyte and the luminescent polymer sensor are
almost always through non-covalent association, which requires significant structural, spectral, and/or
electronic complementary to enable efficient detection. These non-covalent analyte-polymer systems that
result in luminescent read-out signals will be discussed herein as highly relevant categories of
supramolecular luminescent sensors.

Because fluorescent polymer sensors rely on changes to the fluorescence signal in order to accomplish
detection, they are particularly well-suited for the detection of analytes that lead to significant fluorescence
changes. Such fluorescence-disrupting analytes include strongly electron-deficient fluorescence quenchers,
such as 2,4,6-trinitrotoluene (TNT) and 2,4-dinitrotoluene (DNT).1% It also includes a variety of metal
cations that cause fluorescence disruption, such as lead,* palladium,*®* and iron.*®? Analyte-induced
enhancements to the polymer fluorescence intensity can also occur,®® as can the detection of
photophysically active analytes that interact with the polymer to enable fluorescence energy transfer from
the polymer to the small molecule analytes.'5!4

6.1. Fluorescent Conjugated Polymers

Polymers that exhibit fluorescence through conjugation in the main chain of the backbone were popularized
in the late 1990s by Swager and co-workers,®8 who demonstrated that the conjugated polymer backbone
could act as a molecular wire.™ In such a wire, excitons generated at any point along the polymer backbone
are able to migrate freely throughout the length of the polymer backbone before relaxing to ground state,®
with a single binding event sufficient, in theory, to trigger a response throughout the length of the entire
polymer chain, and to turn on or off the fluorescence of the entire polymer.54

In practice, however, exciton migration is limited by a number of factors,**!¢ including: (a) defects in the
polymer chain that break the conjugation length;*” (b) the lifetime of the exciton which limits its ability
to sample multiple receptor sites prior to relaxation to the ground state;**!81°1° and (c) the fact exciton
migration occurs through “random walk” pathways which are inefficient and are likely to lead to repeat
sampling of the same sites during the exciton lifetime.'52%1%2! As a result of these limitations on the number
of receptor sites sampled by a single exciton, researchers have found, using both experimental*221523 and
computational tools,*?#1%% that conjugated oligomers can have remarkably similar photophysical
properties and sensor performance to larger conjugated polymers.

The efficiency of exciton migration can be increased by addressing each of the factors that contribute to
their general inefficiencies:

(a) Defects in the polymer chain can be minimized through the development of new and/or improved
methods for conjugated polymer syntheses which limit the defects present. Such synthetic methods
overwhelmingly rely on metal-catalyzed cross coupling polymerization reactions, including
Sonogashira,®® Suzuki,®®?" Heck,?® and Kumada®®?® polymerizations. Although higher performing
reaction conditions have been developed recently,>® a certain number of defects are still expected in each
polymer, especially for those of higher molecular weights which are statistically more likely to contain
defects. Other synthetic methods, ™3 including C-H activation polymerizations'>**153* and decarboxylative
cross-coupling for polymerization,*>* have numerous potential advantages, and some have shown reduced
prevalence of decreases as well. Of note, the existence of polymer defects can be measured by a variety of
NMR spectral analyses. In one example, Byers and co-workers reported that *H{*H} NMR and *C{*H}
spectroscopy provided important structural information about polymer tacticity and in particular for that
case, information about polymer chirality.>%
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(b) Longer lived excitons can be generated through modifications to the polymer that increase the band
gap between the HOMO and LUMO and reduce the propensity for facile exciton relaxation.>*” Such long-
lived excited states are particularly prevalent in cases where the excitation is associated with a structural
change in the polymer %3153 sych as a planarization/deplanarization event.t** The time required to reverse
that structural modification and relax to the ground state results in increases to the average exciton lifetime.

(c) Random walks of the exciton in a polymer backbone can be minimized in cases where the polymer is
synthesized with a gradient of electron density, or with other structural features that bias the direction of
exciton migration. Such cases have been realized, for example, in polymers with low energy anthracenyl
traps dispersed within a poly(phenyleneethynylene) (PPE) conjugated polymer (Figure 117).1541.1542
Gradients throughout the polymer chain are more difficult to access synthetically, but have been reported
in isolated cases®™ as well as in dendrimers, which can be thought of as non-linear polymers.’>** The
inefficiencies associated with random walk migration can also be reduced through increasing the
dimensionality of the available migration space.’** In particular, ensuring close proximity between polymer
chains through inclusion in thin films'** or nanoparticles'>* facilitates inter-chain exciton migration, which
provides more effective pathways for exciton movement, and enhances the efficacy of sensors based on
such constructs.>#

B2 ()

Figure 117. Poly(phenyleneethynylene) conjugated polymers containing low energy anthracenyl traps!®*

Analyte-induced responses of such polymers include both amplified quenching®®* and amplified turn-
on®0 fluorescence responses. Researchers working in this field have debated the relative
advantages/disadvantages of a turn-on vs. a turn-off response. In principle, turn-on responses have the
ability to enable enhanced sensitivities;**>! however, in practice, challenges in obtaining a completely dark
background for such systems mitigates the system-wide sensitivity.'>5? Selectivity (i.e. the ability to
generate unique signals for unique analytes) is also enhanced with turn-on fluorescence sensors.*>3 In
practice, however, turn-off sensors have been markedly more reported in the scientific literature, due to
easier pathways to access such sensors!s54-15%

One example of amplified quenching-based detection using conjugated fluorescent polymers is the
detection of 2,4,6-trinitrotoluene (TNT).8" In this example, the fluorescent conjugated polymer synthesized
by Swager and co-workers contained bulky iptycene moieties around the polymer backbone, which resulted
in significant empty space (Figure 118).1%%" These cavities were of appropriate size to enable single aromatic
ring-containing molecules to diffuse inside, and the electron rich nature of the polymer backbone favored
the inclusion of complementary electron deficient aromatic guests, including TNT and 2,4-dinitrotoluene
(DNT). The fluorescent polymer responded to such analytes with highly efficient analyte-induced
quenching of the fluorescence signal.’>*® Further sensitivity enhancements were demonstrated when the
polymer was fabricated into a spin-coated thin film or coated in the interior of a capillary tube.!** Other
fluorescent conjugated polymers systems have demonstrated strong quenching in the presence of these
nitroaromatic analytes as well,*%%1%63 including in cases where the polymers have been aggregated in
nanoparticles, 15641565839

Several examples of amplified fluorescence energy transfer using conjugated polymers have been
reported by the groups of Swager,*%®® McNeill,*>%" and others,%%815 with energy transfer occurring from a
conjugated polymer to a small molecule fluorophore,%’ as well as occurring between two conjugated
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polymers.?>’® Understanding the mechanism of energy transfer in these systems is key to further
developments and improvements. Although Forster resonance energy transfer is the most prevalent energy
transfer mechanism discussed in the scientific literature, evidence suggests that Dexter energy transfer is
also operative in conjugated polymer systems.®* As mentioned previously (section 2.2, vide supra), the
existence of a FRET mechanism can be determined by examining the fluorescence and absorbance spectra
of the donor and acceptor, respectively, to determine spectral overlap, which is a prerequisite for effective
FRET. If the ratio of energy transfer efficiency to spectral overlap is constant or nearly constant, FRET can
be presumed. The fact that this ratio was nowhere near constant in a report from the Swager group
investigating conjugated polymer energy transfer indicates that at least in that system, non-Forster based
mechanisms (i.e. Dexter energy transfer) are likely predominant.56

The phenomena that drive interactions between the analytes of interest and the fluorescent conjugated
polymers vary significantly depending on the structure of the analyte(s) and of the polymer system.!>"2
Many conjugated polymers rely on ©-x stacking between the aromatic analytes and the conjugated backbone
of the polymer to enable close-range interactions and drive effective sensing.’®” These interactions have
been used successfully for the detection of TNT and related nitroaromatics,>’4157® polycyclic aromatic
hydrocarbons,”® and nucleic acids.*%®

While methods based on aromatic ring association generally work well, such methods are inherently
limited to analytes that contain aromatic moieties capable of interacting with the aromatic polymer
backbone, which precludes large classes of non-aromatic analytes (i.e. non-aromatic explosives and
pesticides)™>”” from participating in such interactions. Moreover, conjugated polymers with large, flat
aromatic surfaces that are optimal for n-w stacking interactions often suffer from aggregation'®® and limited
solubility;15"® increasing solubility by incorporating bulky side chains'®® can limit the accessibility of the
surfaces to the target analytes. Architectures such as those that contain iptycene around the polymer
backbone directly address the challenge of reducing aggregation while ensuring accessibility of the analytes
to the polymer (Figure 118):32 undesired aggregation is limited by the presence of bulky moieties, whereas
enforced free space around the polymer backbone provides ample space for the diffusion of target analytes,
such as TNT and DNT (vide supra).t®8!

Figure 118. Bulky iptycene containing polymers that prohibit aggregation of the polymer chains.
Reproduced from Ref. 32. Copyright 2005 American Chemical Society.

Solubility challenges can also be addressed through the incorporation of charged moieties,'*® either as
part of the main polymer backbone or as charged side chains.?*8® Charged polymers are almost always water
soluble,’*® and bind analytes using non-covalent electrostatic complementarity between the polymer and
the target analyte to accomplish effective detection.**® One example of the use of electrostatic conjugated
polymers, termed conjugated polyelectrolytes, is the reported binding between conjugated cationic
polyfluorene and anionic, fluorophore-labeled single-stranded DNA for the detection of adenosine
deaminase (ADA), the enzyme that converts adenosine to inosine (Figure 119).1%681%8¢ The presence of
adenosine caused the DNA aptamer to form a hairpin-like complex around adenosine. Upon hydrolysis of
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adenosine to inosine in the presence of ADA, the free aptamer formed a FRET complex with the PFP
polymer, leading to an increase in fluorescence. Other cationic polyelectrolyte-anionic DNA interactions
have been reported by a number of research groups, including Bazan®® and Liu.™®” Of note, a significant
concern around the use of conjugated polyelectrolytes is the possibility of nonspecific interactions with any
complementary charged moiety, not only with the target analyte. Methods to reduce nonspecific binding
and increase the interactions between the target analyte and the charged polymer sensor include using
cooperativity of multiple favorable electrostatic interactions,'*® incorporating an additional recognition
element that facilitates the desired analyte-polymer interactions,*% and adding a separation step prior to
detection to remove common interferents prior to binding and analysis. >

High FRET
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Figure 119. Conjugated cationic polyfluorene (PFP) used for the detection of adenosine deaminase (ADA)
through binding with a fluorophore-labeled, anionic DNA aptamer. Adapted from Ref. 1568. Copyright
2014 Americal Chemical Society.

Hydrophobic association between conjugated polymers and target analytes can also facilitate strong non-
covalent association that leads to noticeable changes in the transducing signal of the polymer.**® Such
association has been reported, in combination with electrostatic interactions, for the detection of proteins
and DNA via conjugated polyelectrolytes.178151.1592 Of note, fully or completely aqueous solvent systems
are required to enable favorable hydrophobic interactions between the two non-polar moieties,*** and the
generally limited solubility of conjugated polymers in aqueous environments limits the overall application
of such methods. Non-ionic methods of imparting aqueous solubility to polymers, including through the
use of oligoethylene glycol chains and other highly polar substituents,**41%% have also been reported.>?’
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Metal-ligand binding between a conjugated polymer and target analyte can also facilitate strong association
that translates into spectroscopically detectable signals.*®® In one example, Swager and co-workers
reported the detection of ethylene gas through competitive binding to a Cu* complex that removed the
copper from proximity to a conjugated fluorescent polymer (Figure 120).15%° Because the proximity of the
copper quenched the polymer emission, removal of the copper from the polymer proximity resulted in a
concomitant fluorescence increase.’*® In addition to utilizing metal-ligand binding for detection of non-
metallic analytes, the detection of metals cations including potassium, sodium, and lithium through cation
binding to crown ether appended to the backbone of a conjugated fluorescent polymer has also been
reported_754,1601—1603
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Figure 120. Detection of ethylene gas by displacement of a copper-based quenching agent from a
conjugated fluorescent polymer. Adapted with permission from Ref. 1599. Copyright 2010 Wiley.

Metal-ligand binding was also the key intermolecular force in a conjugated polymer-derived potassium
sensor, in which the potassium analyte was bound in a crown ether moiety appended to the polymer
backbone. In this system, selectivity for potassium was achieved by the fact that it was the only metal cation
that bound two crown ethers in a 2:1 crown ether: cation stoichiometry. The resulting cation-induced
aggregation of the polymer resulted in a bathochromic shift of the emission maximum and decrease in the
fluorescence intensity.6%4-16% Although polymer aggregation is often deleterious to sensor performance due
to a commonly observed reduction in fluorescence intensity, aggregation that occurs only in the presence
of a target analyte, such as in the system reported herein and in an analogous thiol detection system,% can
enable turn-off fluorescence sensing of that analyte. Moreover, in some cases aggregation of a conjugated
polymer can lead to enhanced fluorescence emission, in a process known as aggregation-induced emission
(AIE).16081609 gych aggregation-enhanced emission has been used for the detection of mercury cations,
silver cations,'®% lead cations,'®! and explosives.!'?

Intermolecular hydrogen bonding is another example of an intermolecular interaction that has been used
in fluorescent conjugated polymers for sensing applications, including in the detection of nucleosides,***
nitroaromatic compounds,*®'* ammonia gas,*®* and tamoxifen, a cancer treatment.’®® In one example,
researchers were interested in the detection of the volatile organic compound (VOC) cyclohexanone
because of its prevalence in explosive packaging materials.’®” Non-volatile explosives such as TNT, which
are not easily detectable using standard vapor-phase methods, can therefore be detected indirectly by
monitoring the presence of cyclohexanone. To accomplish cyclohexanone detection, Swager and co-
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workers used a squaramide-containing fluorophore acceptor, relying on the known ability of squaramide to
act as a strong hydrogen bond donor.6® In the absence of the target analyte, strong polymer-to-fluorophore
energy transfer was observed. Introduction of the cyclohexanone resulted in slight movement of the
squaramide from its close proximity to the polymer backbone due to the interfering hydrogen bond acceptor
cyclohexanone, which decreased the energy transfer signal with high selectivity and sensitivity (Figure
121).47°
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Figure 121. The use of a conjugated fluorescent polymer in conjunction with a squaramide fluorophore for
the detection of cyclohexanone. (a) The synthesis of the squaramide fluorophore; (b) The structure of the
conjugated fluorescent polymer; (c) The absorbance and photoluminescent profiles of the polymer and
squaramide; and (d) The mechanism of cyclohexanone sensing via analyte-induced disruption of polymer-
to-squaramide energy transfer. Reproduced from Ref. 479. Copyright 2011 American Chemical Society.

The use of conjugated polymers as fluorescent supramolecular sensors has a myriad of high impact
applications, and readers are directed to a number of relevant review articles on this topic.83:346.1619-1621 \\/e
review three main classes of sensing applications herein.

6.1.1. Military and National-Security Related Sensor Applications: The detection of TNT and other
small molecule explosives has significant relevance for national security applications, as such explosives
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are used in the fabrication of improvised explosive devices (IEDs) and in terror attacks, such as in the case
of the “Underwear Bomber” in 2009622 and the “Shoe Bomber” in 2001.162%1624 Challenges in the detection
of TNT in military settings include its extremely low vapor pressure,3#2 which make the detection of buried
explosives by monitoring the air above the explosive site particularly challenging.'%% Selectivity for TNT
relative to other nitroaromatics with higher vapor pressures is also challenging,*?® although many of these
nitroaromatics are found in such explosives as well and can serve as reasonable proxies for TNT detection.
Military applications also require stand-off detection systems,'®?’ i.e. detection that can be accomplished at
a distance, to ensure the safety of the system operator, as well as systems that can withstand extreme
environmental conditions without compromising system performance.'®? The Swager group at MIT has
demonstrated strong success in this field,'® as have the groups of Trogler,**® Dichtel,** and others.16%°

6.1.2. Biological Detection Applications: Biologically-relevant detection applications tend to occur in
aqueous environments,*%3! which requires that the polymers be soluble in such environments.*¢32 Methods
to impart aqueous solubility include the incorporation of charged moieties to generate conjugated
polyelectrolytes or the incorporation of polar, charge-neutral side chains (vide supra).1®*® However, in some
cases water-insoluble polymers can be used for detection in aqueous environments, such as in conjugated
polymer thin film sensors that were dipped into an analyte-containing aqueous solution and respond to the
presence of that analyte with a change in spectral signal.16%

Conjugated polymers can also be fabricated into conjugated polymer nanoparticles using a variety of
methods, including via the hydrophobically-induced collapse of the polymer chains upon introduction of a
well-solubilized polymer solution to an aqueous environment. 6% This reprecipitation method has been used
with high levels of success by Jason McNeill and co-workers, who have demonstrated strong control over
the size!® and functionality®®” of the nanoparticles through varying the experimental conditions used for
reprecipitation. Such particles are made from conjugated polymers that are not water soluble; however,
once fabricated, they are relatively stable in aqueous environments!3 and can be used for aqueous-phase
sensing,'®%® including in biological applications.64

Many biologically relevant small molecule analytes are relatively electron rich, including aromatic amino
acids,*®*! small molecule neurotransmitters,'%*> and pharmaceutically active compounds,64® which means
that electron deficient conjugated polymers provide the most effective sensing platform.644-164 Examples
of such polymer-analyte combinations include the use of a highly fluorinated conjugated polyphenylene
ethynylene for the detection of dopamine, tryptamine, and tryptophan;®*’ the use of anthryl-doped
polyelectrolytes for the detection of the naturally occurring polyamines spermine, spermidine, and
putrescine;%4® the use of a porous conjugated polymer for silver (1) binding and hydrogen sulfide detection
(Figure 122);°%2 and the detection of other physiologically relevant anions in complex biological
environments. 1649
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Figure 122. A porous conjugated polymer used for the subsequent detection of Ag* and H.S. Reproduced
from Ref. 942. Copyright 2014 American Chemical Society.

The detection of biological macromolecules such as oligonucleotides,'®° proteins,'®5* and tumor
biomarkers'®®? generally relies on conjugated polyelectrolytes binding to the macromolecular targets via
electrostatically-driven complementarity.'®®® This binding is often used in conjunction with an additional
system component that facilitates purification, sequestration, or detection of the target analyte, including:
(a) the attachment of the polymer®®* and/or analyte to a surface,'®* which facilitates site isolation of the
detection event; (b) the addition of a metallic nanoparticle to enhance the luminescence response;'®* and
(c) the inclusion of a nanopore!®’” and/or chromatographic method to purify the complex system and isolate
the target analyte prior to luminescence detection, 1658-1660

The sensitive and selective detection of certain cell types can also be achieved using conjugated polymer
fluorescent sensors, such as in the case of selectively detecting cancer cells through sensing cell surface
molecules that are specific to cancer cells but are not on that of normal cells.®” In the reported example by
Rotello, Bunz, and co-workers, cancer cells were detected selectively using an array of conjugated
fluorescent polymers.*-97° Each cell type interacted with each polymer with the interactions highly specific
to each polymer-cell combination. By subjecting the results obtained from each interaction to statistical
analyses, selective response patterns for each cancer type were obtained. %6162 Moreover, the array was
also able to distinguish cells from the same cancer type but with different degrees of metastatic potential
(determining the likelihood of metastasis and correlating strongly with overall cancer prognosis).1% A
ratiometric version of the sensor was reported as well.1664

In addition to sensing whole cells, conjugated polymers can also be used for bacteria sensing, which is
particularly important for understanding the conditions under which a quorum of bacteria forms, %% and for
detecting the presence of bacteria before deleterious health effects are observed.'®%¢ In one example of such
detection, a fluorescent polymer was designed with carbohydrate substituents that are known substrates for
bacterial consumption (Figure 123).1* Bacteria that consumed these carbohydrates caused noticeable
changes in the spectroscopic signal of the conjugated polymers, resulting in a sensitive and selective
bacterial detection system.1667

SEEES

Carbohydrate Functionalized

Fluorescent Polyger

Figure 123. A Fluorescent conjugated polymer for the detection of pathogens. Reproduced from Ref. 13.
Copyright 2014 American Chemical Society.
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6.1.3. Food-Related Applications: The detection of analytes that can compromise food safety®® and/or
quality is particularly important from a variety of public health objectives,'*®® including ensuring the health
of the population that consumes the food,'*° developing methods to transport food safely from the point of
origin to the point of consumption,’*”* and reducing the waste of food in developed countries!®’2 and the
food shortages in developing ones.'®”® Analytes that are of interest for such detection include a variety of
pathogenic bacteria such as salmonellal®” and E. coli'®”™ that can contaminate the food supply; small
molecule analytes such as ethylene that are indicators of fruit ripening;® and oxygen that can indicate that
a sealed container has been opened and that food spoilage will be accelerated.®? All of these analytes have
been detected using conjugated fluorescent polymers, with the bacterial testing occurring via a
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carbohydrate-containing conjugated polymer, and ethylene gas detected by displacement of a copper (I)-
scorpionate complex from the conjugated polymer backbone (vide supra).

Oxygen detection using conjugated polymer sensors is complicated by the fact that oxygen itself has
limited spectroscopic signals,®® and therefore detection methods need to be designed to detect something
that is an effect of oxygen’s presence, such as an oxygen-accelerated reaction product.'®”® Swager and co-
workers demonstrated that oxygen detection could be accomplished through the synthesis of a sulfide-
containing conjugated fluorescent polymer which displayed a strong increase in fluorescence with addition
of oxygen, due to oxygen-induced conversion of the sulfide moieties to sulfones.®*® This transformation
dramatically increased the fluorescence of the conjugated polymer, due to a reduction in the non-radiative
decay pathways and to greater spatial overlap of the orbitals required for effective conjugation. Other
research groups have reported analogous oxygen detection methods as well, including that shown in Figure
124.937,1677
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Figure 124. Ratiometric detection of singlet oxygen by a conjugated fluorescent polymer. Reproduced from
Ref. 937. Copyright 2017 American Chemical Society.

6.2. Fluorescent Non-Conjugated Polymers

These include polymers that have fluorescent moieties appended to the non-conjugated polymer
backbone,’®’® as well as those that are composed of fluorescent backbone segments linked by non-
conjugated, non-fluorescent linkers.*6”® Advantages of using non-conjugated polymers include the fact that
there are more synthetic pathways available to access the broader variety of non-conjugated polymer
backbones, including free radical polymerization,¢8%-1682 step-growth polymerization,* and ring-opening
metathesis polymerization.1%® Moreover, the non-conjugated backbone can have unique responsiveness to
external stimuli, such as pH! or temperature changes,'®® which provides an additional handle for
performance tunability and additional opportunities for sensing applications.®®” Disadvantages include the
lack of facile exciton migration and the resultant sensitivity that are promoted by conjugation.% Non-
conjugated polymer backbones, by contrast, do not have facile exciton migration and are therefore unable
to access the resulting gains in sensitivity and performance.

The synthesis of polymers with pendant luminescent groups can occur either through attaching the
luminescent group before the polymerization step,% or by doing so after the polymer is formed via post-
polymerization functionalization.’*® Advantages to functionalizing prior to polymerization is that greater
control over the degree of functionalization is available, with each monomeric unit containing the
chemosensor of interest. Disadvantages include the fact that polymerization of a more functionalized
monomer and/or a particularly large monomer (i.e. macromonomer) can come with significant synthetic
challenges, leading to less than ideal molecular weights and polydispersities of the resulting polymer
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product. Advantages of functionalizing after polymerization focus on the ease of polymerizing an
unfunctionalized monomer, whereas disadvantages include the limited control over functionalization
density using post-polymerization functionalization methods.®%

In one example of a non-conjugated polymer with pendant fluorescent groups, Mama et al. synthesized
a coumarin-appended vinyl monomer using a 3+2 Huisgen cycloaddition (i.e. click chemistry).1%°2 The
monomer underwent free radical polymerization in the presence of radical initiator AIBN to yield a
fluorescently-appended polymer with an average molecular weight of 2.17 x 10°kDa and a polydispersity
index (PDI) of 1.92. The fluorescent polymer was used for the detection of Cu?*, with the introduction of
the analyte resulting in a hypsochromic shift in the emission maximum and a significant decrease in
emission intensity. The response was somewhat selective, although the presence of Hg?* also led to a
moderate fluorescence decrease, albeit with no change in the position of the emission maximum. The
proposed mechanism by which Cu?* induces such spectral changes is through bidentate binding of the
copper to the triazole nitrogen and coumarin carbonyl, which planarizes the coumarin moiety and leads to
facile, copper-induced aggregation.

Another example of metal cation detection using a hon-conjugated fluorescent polymer was reported for
the detection of Ca?" in extracellular environments. % In this example, tetraphenylethene (TPE), which is
known to undergo aggregation-induced emission,'%* was attached to an acrylate monomer, which then
underwent free radical polymerization to yield a polyacrylic acid-derived gel. Introduction of Ca?* to this
system resulted in significant increases in the fluorescence intensity, with the fluorescence increasing
linearly with Ca?* concentration in a broad concentration range (0.1 to 10 mM). Importantly, the system
response could be reversed upon addition of EDTA to sequester the Ca?* cations, and good selectivity for
Ca?" in the presence of other physiologically relevant cationic analytes was also observed. The authors
hypothesize that aggregation induced by the presence of Ca?* is responsible for the observed emission
enhancements (Figure 125). Of note, the underlying intermolecular interactions that enabled such detection
include metal-ligand coordination between the calcium and the tetraphenylethene, as well as aromatic ©-n
stacking between the TPE units to enable aggregation-induced emission to occur. In a related polyacrylate
system, nitro containing compounds were detected via aggregation-induced emission of TPE pendant
groups.t8% Other polymers with luminescent pendant groups that display aggregation-induced emission
have been reported as well, including a triblock copolymer with carbazole-derived pendants,'¢°® hetero-
functionalized polymers that contain both TPE and a spiroxazine pendant group,'®®” and a non-conjugated
polymer with a tetraphenylthiophene pendant group, which was also AIE-active.6%

AIE luminogen Carboxylic acid Crosslinking

Random coil === Non fluorescent Aggregation === Fluorescent

Figure 125. lllustration of a non-conjugated polymer with pendant tetraphenylene units and the proposed
mechanism by which Ca?*induces fluorescence enhancement. Reproduced with permission from Ref. 1693.
Copyright 2016 Nature Publishing Group.
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Detection of dopamine, a neurotransmitter, and the sugars glucose and fructose could also be
accomplished using analogous constructs, in which a phenylboronic acid substituent was added to the
acrylate monomer prior to free radical polymerization.%® The resulting fluorescent polymer reacted with
dopamine, glucose, and fructose to form boronate esters,*’® via the robust dynamic covalent chemistry of
such functionalities.t’®* The authors propose that dopamine induced fluorescence decreases via dynamic
quenching processes, analogous to literature reports,*’%? whereas the stable complexes formed with glucose
and fructose demonstrated enhanced luminescence. This system also displayed slightly different read-out
signals for the glucose and fructose complexes, indicating the potential for generating selective saccharide
sensors. Detection limits of 0.3-0.4 mM were reported for all three of the analytes investigated.

An interesting combination of polymer and macrocycle chemistry was reported by Zhang and co-
workers, who synthesized a thermoresponsive oligoethylene glycol-derived polymer with pendant
cyclodextrin units (Figure 126).17% This polymer was synthesized from the free radical polymerization of
a cyclodextrin-appended acrylate macromonomer, with final molecular weights in the range of 1.4-2.2 x10*
g/mol and moderate polydispersities obtained. The resulting polymers demonstrated thermoresponsive
behavior within a relatively narrow temperature range, with well dissolved and hydrated species at lower
temperatures, and dehydrated, aggregated polymeric species at elevated temperatures. Changes in the
hydration level around the polymer and the resulting aggregation states could be monitored using a variety
of spectroscopic methods, including *H NMR spectroscopy and dynamic light scattering (DLS)
measurements.}’% Moreover, the inclusion of a small molecule dye, 6-(p-tolylamino)naphthalene-2-
sulfonate in the cyclodextrin cavity resulted in a luminescent supramolecular construct, where the dye
bound in cyclodextrin with a calculated binding affinity on the order of 10° M at room temperature.
Increasing the system temperature resulted in ejection of the dye from the cyclodextrin cavity, with
concomitant changes in the fluorescence emission signal. The resulting system could thus be used as a
luminescent temperature sensor for the determination of highly local temperature fluctuations,’® with
significant potential applications envisioned.17%6:1707
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Figure 126. A supramolecular cyclodextrin-polymer construct that acts as a luminescent temperature
sensor: (A) Schematic illustration of how cyclodextrin-appended polymers respond to temperature changes
with changes in host-guest complexation and/or changes in supramolecular structure; (B) Structure of the
cyclodextrin-appended oligoethylene glycol polymers; (C) lllustration of fluorescence changes of an
oligoethylene glycol/cyclodextrin/fluorescent dye constructs as a function of increasing temperature.
Reproduced with permission from Ref. 1703. Copyright 2015 Royal Society of Chemistry.

6.3. Fluorescent Non-Conjugated Polymers with Conjugated Segments.

The second class of fluorescent non-conjugated polymers discussed herein are those that contain conjugated
segments covalently attached via non-conjugated, non-photophysically active linkers. Although these are
less common than both of the other polymer classes discussed herein, fully conjugated fluorescent polymers
and non-conjugated polymers with pendant fluorescent groups, they have unique practical advantages in
sensor development. In a sense, such polymers reap the benefits of both of their component parts: they have
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amplified fluorescence responses in the presence of a target analyte due to the interaction of the analyte
with the conjugated segments, and they have a broader range of possible synthetic pathways and stimuli-
responsive components via their non-conjugated components.

In one example, Fang and co-workers reported the synthesis of a co-polymer in which conjugated
polyphenylene ethynylene (PPE) subunits containing cholesterol appendages were covalently attached via
ethylene diamine linkers.}’® The cholesterol side chains facilitated the formation of robust thin films of
these polymers via drop-casting or spin-coating, following literature precedent on the use of cholesterol
moieties in analogous systems. Significant fluorescence quenching of these films was induced by the
addition of HCI gas, with 140 ppb of HCI sufficient to induce 80% luminescence quenching, which
corresponds to a vapor phase detection limit of 0.9 ppb. Moderate selectivity for HCI was demonstrated,
with other acids inducing smaller (albeit non-zero) fluorescence changes. The authors propose that
protonation of the amino groups in the non-conjugated linker segments alters the HOMO-LUMO band gap
and provides a site for highly efficient fluorescence quenching. The preference for HCI compared to other
acids is hypothesized to be a result of the small size of the HCI analyte, which allows for facile diffusion
through the thin film to reach the transducing polymer sensor.

In another example, distyrylbenzene conjugated segments were linked by isopropylene spacers to
generate a segmented conjugated polymer that responded to nitroaromatic analytes with a strong decrease
in fluorescence (Figure 127a).17%° Of note, distyrylbenzene as a chromophore has been reported as a key
component of luminescent amine sensors'’*° and as part of proton sensing for pH detection schemes.’*! In
this system, the styrylbenzene units were electronically isolated from each other due to the saturated linkers,
which caused a highly rigid kinked structure (Figure 127b) and photophysical properties of the polymer
that were essentially indistinguishable from the monomer distyrylbenzene unit. Of note, the fluorescence
quenching observed in the presence of nitroaromatic analytes, including trinitrotoluene (TNT),
trinitrophenol (TNP), and dinitrotoluene (DNT) was highly reversible upon washing the film with water,
leading to near-complete recovery of fluorescence over six cycles (Figure 127c). One caveat in this system
is that the model monomeric compounds were more effective sensors compared to the polymer
architectures, although the polymers displayed enhanced stability to a variety of experimental conditions.
Other examples of segmented conjugated polymers as sensors for nitroaromatics*’*?-1714 and anions!’*> have
also been reported.
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Figure 127. An example of a segmented conjugated polymer reported as a nitroaromatic sensor: (a)
Structure of the segmented conjugated polymers Pa and Pb; (b) Computed structure of a four-repeat unit
segment of the polymer, showing the highly kinked structure; and (c) lllustration of the reversibility of the
sensor for TNP detection, where washing with water resulted in restoration of the film’s fluorescence for
up to six cycles. Reproduced with permission from Ref. 1709. Copyright 2017 Elsevier.

7. Luminescent Nanomaterial Sensors
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Nanomaterials are defined as materials with dimensions between 1 and 100 nm.1*® The design, synthesis,
and applications of nanomaterials in a broad range of areas has received significant attention in recent years,
including in the areas of drug delivery,*™’ catalysis,”*® energy storage,'’*® and chemical sensing.}’?° The
small size of nanomaterials results in a number of properties that are beneficial for chemosensing
applications, including a high surface area-to-volume ratio,}’?! high signal-to-noise ratio,’?? high signal
amplification,?® and size-dependent optical properties.}’*® They can be fabricated from a number of
substances to form metal-containing’?* or metal-free materials,}’? with the ability to add stabilizing
external ligands!’?® and/or surface coatings.t’?” Additionally, targeting moieties can be attached to
nanomaterials to enable a variety of biological applications, including the delivery of pharmaceutical agents
(through targeting the diseased biological area)'’?® and the accurate demarcation of tumor boundaries
(through including a tumor-targeting moiety).1"2®

Nanoparticles, the most common type of nanomaterial, are typically characterized by a spherical shape
and 2-30 nm radius, and often exhibit intense, size-dependent colors.'’*® The development of nanomaterials
with unique luminescent properties, including semiconductor quantum dots, lanthanide-doped
nanoparticles, coinage metal nanoparticles and nanoclusters, carbon-based nanomaterials and organic dye-
based nanomaterials has opened up new horizons for the detection of various analytes. In this section,
developments in luminescent nanomaterial sensors will be discussed, focused on those that have been
reported since 2014. This is not an exhaustive account of all luminescent nanomaterial sensors, and the
authors would like to direct interested readers to several other reviews on this subject.173-17%

Nanomaterials have been used most frequently for the detection of anions’? and cations,'"*® which can
be detected via electrostatically driven complementarity between the luminescent sensor and the charged
analyte of interest. While small organic analytes have also been detected via nanomaterial-based sensors
(vide supra),’”? such detection generally requires more complex sensor architectures and/or schemes in
order to accomplish such detection.

Nanomaterial sensors, like the other categories of sensors discussed herein, rely heavily on a broad
variety of non-covalent supramolecular interactions.'”*® These interactions govern the relationship between
the analyte and the sensor, determine how the analyte’s presence leads to a detectable signal, and underlie
the sensitivity and selectivity of the nanomaterial sensor.}’*® Although not traditionally thought of in the
category of ‘supramolecular luminescent sensors,” the strong similarities to other sensor categories
discussed herein and the reliance on a broad range of supramolecular interactions to accomplish effective
sensor performance leads us to include this category of sensors herein.

7.1. Quantum Dots

A quantum dot is a semiconductor crystal that is characterized by its small size (1-10 nm) and size-
dependent UV-visible absorption and fluorescent properties.t’#1%2 The dots are most often composed of a
CdSe or CdTe core, with a ZnS outer shell (written as “CdSe/ZnS” and “CdTe/ZnS,” respectively) that
confers substantial stability.’”** Quantum dots have 10-100 times higher molar extinction coefficients
compared to conventional fluorophores, and are the most commonly used nanomaterial for fluorescence-
based sensing applications.}’#144 Quantum dots also have better photostability than small-molecule
organic fluorophores, due to their markedly decreased susceptibility to photobleaching.'’#® Silica coatings
are commonly used for the surface modification of quantum dots, particularly when biological applications
are targeted, because the coating decomposes into silicic acid, which is readily cleared from the body
without accumulating toxicity. 17461747

Highly fluorescent quantum dot-embedded silica particles have been widely reported as detection
platforms for metal cations and anions. For example, Sung et al. developed a sensor for Cu?* based on
monodispersed hydrophobic CdSe/ZnS quantum dots encapsulated within a silica shell.}”*® The porous
silica shell of the nanostructure prevented nanoparticle aggregation. Additionally, the silica shell promoted
Cu?* adsorption, resulting in a strong reduction in luminescence intensity due to the displacement of Zn?
from the quantum dot core. In a related report, Zhao et al. used silicon-containing quantum dots for the
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selective and sensitive detection of hydroxyl radicals produced from the Fenton reaction between H.0O- and
Cu*, which was reduced from Cu?* by ascorbic acid."*® Hydroxyl radicals were produced in an equimolar
amount to Cu* in this reaction, and the interactions of the radicals with the quantum dots caused strong
radical-induced fluorescence quenching. Using this radical quenching in combination with an
understanding of the equimolar ratios between radical production and Cu* generation led to a sensor for
Cu?* with an 8 nM detection limit.

Other transition metals, including lead and mercury, are also popular detection targets for nanomaterial
chemosensors. Xu et al. used CdTe quantum dots as well as Yb*" and Tm** co-doped NaYF4 nanoparticles
for the detection of lead ions in human serum.*”® The sensor was based on a FRET interaction between
Yb%* and Tm** doped NaYF; and CdTe quantum dots, with a reported detection limit of 80 nM.
Furthermore, a fluorescence nanoprobe based on metal-enhanced fluorescence combined with FRET was
developed by Liu et al. for the detection of nitrite.}”>! The probe was composed of CdTe quantum dots and
gold nanoparticles, as well as denatured bovine serum albumin (BSA), which provided a binding site for
Neutral Red which interacts with nitrite to effect fluorescence quenching.’*? The fluorescence intensity of
the CdTe quantum dots was optimized by varying the size of the gold nanoparticles and the distance
between the two particle types. Neutral Red was bound on the quantum dot surface, resulting in a quench
of the green emission of CdTe quantum dots as a result of FRET to the Neutral Red fluorophore acceptor.
Green emission was recovered with the addition of nitrite, due to the disruption of the energy transfer
between Neutral Red and the CdTe quantum dots. The sensor showed selectivity for nitrite compared to
other ions and maintained high performance in real-world samples including tap water and lake water.

In addition to detecting anions and cations, quantum dots have also been utilized for the detection of
small organic analytes. For example, a silicon quantum dot-based sensor was reported by Yi et al. for the
detection of pesticides via monitoring of the activity of enzymes that are negatively affected by the presence
of such toxicants.!> One example of such an enzyme is acetylcholinesterase, which converts acetylcholine,
a neurotransmitter, to choline, an essential nutrient which in turn is converted to betaine, another essential
nutrient, and HO- by a second enzyme, choline oxidase. H,O; as an analyte was able to selectively quench
the luminescence of the silicon quantum dots. With the addition of pesticides, the activity of
acetylcholinesterase was inhibited, preventing the generation of H,O, and the H,O,-induced fluorescence
guenching (Figure 128). The pesticide-induced inhibition and concomitant reduction in H,O, production
was directly related to the pesticide concentration, and a variety of pesticides, including carbaryl, parathion,
diazinon and phorate, could be detected with LODs of 0.00725 ppb, 0.0325 ppb, 0.0676 ppb, and 0.190
ppb, respectively. Additionally, carbaryl concentrations were analyzed in several fruits, including apples,
tomatoes and cucumbers, and showed results that were consistent with those obtained using standard HPLC
analysis, indicating that the quantum dot system is a promising strategy for pesticide detection. Gold
nanoparticles in combination with CdTe quantum dots have also been applied for the detection of bisphenol
A (BPA), an industrially relevant toxicant, utilizing an inner filter effect-based fluorescence method, as
reported by Ying et al.}">*
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Figure 128. The sensing mechanism of silicon quantum dots for the detection of various pesticides through
the inhibition of acetylcholinesterase. Reproduced from Ref. 1753. Copyright 2013 American Chemical

Society.

In order to avoid the toxic effects of cadmium, a commonly used substance in quantum dots, alternative
transition metal-derived quantum dots have been developed, including manganese, copper and
chromium.'®® Among these, Mn-doped quantum dots have been studied for the detection of various
analytes including cadmium,®6 TNT,*" and glucose.!”*® A method for the detection of thiram, a fungicide,
was developed by Zhang et al. using phosphorescent Mn-doped ZnS quantum dots and Ag*.'™*® The
phosphorescence of the quantum dots was quenched by the addition of Ag*; however, the presence of both
thiram and Ag* caused the formation of a stable Ag-thiram complex bound to the nanoparticle surface,
which enhanced the phosphorescence of the system (Figure 129). The sensor selectively detected thiram
over other pesticides and was successfully applied to the analysis of thiram in fruit peel samples.
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Figure 129. The sensing mechanism of Mn-doped ZnS quantum dots for the detection of thiram.
Reproduced with permission from Ref. 1759. Copyright 2017 Elsevier.
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7.2. Lanthanide-Doped Nanomaterials

Lanthanide metal-based, or rare-earth metal-based, luminescent sensors have several advantages over
traditional luminescent sensors including strong luminescence, long fluorescence lifetimes (us-ms range),
large Stokes shifts, and enhanced photostability, due to the unique inner shell configurations of lanthanide
metal ions.t7®%1761 | uminescent Ln-doped nanomaterial sensors can be categorized as either
downconversion or upconversion nanoparticles: downconversion nanoparticles convert two or more high
energy photons to low energy photons, and upconversion nanoparticles convert two or more low energy
photons into high energy photons.’®® Downconversion nanomaterials are more prevalent and more closely
related to conventional organic dyes, and follow Stokes’ law, which states that compounds absorb short-
wave light and emit long-wave light. Upconversion nanoparticles often require the presence of rare-earth
metals, and allow near-infrared excitation wavelengths to result in visible or UV emission. The use of near-
infrared excitation facilitates both greater biocompatibility, because near-infrared light is less harmful to
biological organisms than typical UV excitation; and deeper sample penetration,'’®2 because near-infrared
light can travel further through tissue and other biological samples. As a result of this enhanced
biocompatibility, upconversion nanoparticle sensors have gained considerable attention in recent
years.17631764 However, the relatively weak luminescent intensity of lanthanide metals alone do not allow
for sensitive analyte detection and therefore the lanthanide metal ions are often incorporated into host
materials such as polymer beads'’® or inorganic nanoparticles’®® to improve luminescent intensity,
selectivity, and sensitivity.1®* Alternatively, lanthanide system luminescence can be improved through the
incorporation of cofactor ligands, which bind to the metal and lead to enhanced luminescence via the
“antenna effect,” in which the peripheral, “antenna” ligands transfer their excited state energy to lanthanide
ions following UV light excitation.}’®” In one example, Tan et al. prepared an adenine-based terbium
coordination polymer nanoparticle for the fluorescent detection of mercury.®® The polymer nanoparticle
was composed of adenine and Th*" moieties with a dipicolinic acid linker. Initially, the fluorescence of the
nanoparticle was very weak due to the presence of PET from adenine to dipicolinic acid, but the addition
of Hg?* significantly enhanced the fluorescence intensity of the system due to the suppression of PET,
resulting in the augmentation of energy transfer from dipicolinic acid to Th*" (Figure 130).
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Figure 130. Coordination polymer nanoparticle for sensing of Hg(Il) by PET.*

Analogously, Huang developed a method for sensing Cu?* using a lanthanide coordination polymer
nanoparticle constructed from adenosine monophosphate (AMP) and Tb**.}’¢” 5-sulfosalicylic acid was
used as a cofactor ligand and resulted in an enhanced luminescence due to energy transfer from the ligand
to Th®". The system fluorescence was quenched by the addition of Cu?*, which strongly coordinated to 5-
sulfosalicylic acid, due to favorable electrostatic interactions. The sensor was combined with in vivo
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microdialysis and successfully used in the detection of cerebral Cu?* in rat brains. Of note, the calculated
LOD of 300 nM is lower than the concentration of cerebral Cu?* typically found in rats.

Sarkar et al. synthesized a Cu?" sensor that used poly(acrylic acid)-coated Eu*-doped KZnF;
nanoparticles.!’®® The nanoparticles exhibited a strong red emission upon UV excitation that was selectively
quenched upon the addition of Cu?*. Another Ln-doped sensor was developed by Han et al., which used
selective ratiometric fluorescence switching for the detection of nitrite in water and in real-world, cured
meat samples.?’®® The detection relied on green-emitting Eu®* and Yb®*" doped NaYF4 nanoparticles that
were guenched by Neutral Red, a fluorescent dye, due to a FRET mechanism. However, when nitrite was
present, the green emission of the doped NaYF. nanoparticles was recovered due to the reaction between
nitrite and Neutral Red to form a diazonium group, which was no longer able to participate in the FRET
scheme. Of note, the system was selective for nitrite over other ions and had a reported LOD of 0.7 ppm.

Ln-doped materials have also been applied as pH sensors for biological applications. Xie et al. developed
a plasticized poly(vinyl chloride) matrix that included Er®* and Yb®*" doped NaYF. upconverting nanorods
and a Nile Blue derivative, 9-dimethyl-amino-5-[4-(15-butyl-1,13-dioxo-2,14-dioxanonadecyl)-
phenylimino] benzo[a]phenoxazine (ETH 5418). This system was used to measure the presence and
concentration of metal cations in human blood samples along with the sample pH.1""® Spectral overlap
between the absorbance region of chromoionophore and the luminescence of the nanorods was observed
and induced an inner filter effect, whereby the chromoionophore absorbed some of the excited state energy
and filtered the amount that reached the nanorods. The degree of the inner filter effect depended on both
the pH of the system and on the metal ions present, with more acidic pH or the presence of Na* or Ca?*
resulting in increased inner filter effects and a lower overall emission. Similarly, Chu et al. used europium-
doped silicon nanorods for ratiometric pH sensing.’’* The nanorods exhibited blue fluorescence emission
at 470 nm from the silicon nanorods and red fluorescence emission at 620 nm from the doped Eu®*. With
an increase in pH values, the fluorescence intensity at 470 nm decreased while the intensity at 620 nm
remained unchanged, producing a ratiometric signal. The probe was able to measure the pH in a range of
pH 3 to pH 9, and exhibited low cytotoxicity, enabling its use as an in vivo pH sensor. Additionally, Ln-
doped nanoparticles have been used to detect a variety of other analytes, including glucose,*’? TNT 17731774
DNA,'""® and cocaine.!’"

7.3. Coinage Metal Nanoparticles

The term coinage metal nanoparticles refers to particles made from gold, silver or copper and are of interest
due to the fact that they are easily synthesized and can be readily functionalized with analyte-responsive
ligands such as phosphines, amines and thiolates.1"261745 Often, the binding of analytes to the ligands results
in aggregation of the nanoparticles and aggregation-induced emission (AIE) changes. Metal nanoparticles
are excellent fluorescence quenchers for FRET-based assays due to their high molar extinction coefficients
and broad energy bandwidths, which facilitate strong spectral overlap, a known prerequisite for efficient
FRET."* Coinage metal nanoparticles have better biocompatibility and lower toxicity compared to many
cadmium-derived quantum dots, and are therefore promising alternatives for biological applications.

Gold nanoparticles have been developed for the detection of various cations and anions, including
mercury, lead, and nitrite. Huang et al. used a time-gated FRET sensing strategy for the detection of mercury
in aqueous solution.r””” In this system, complementary single DNA strands were affixed to energy-donating
quantum dots and energy-accepting gold nanoparticles. With the addition of Hg?*, a stable thymine-Hg?*-
thymine complex formed, bringing the two DNA strands, and thus the quantum dot and nanoparticle, into
closer proximity, and resulting in energy transfer from the quantum dots to the gold nanoparticles. The gold
nanoparticles quenched the fluorescence of the quantum dots and the decrease in fluorescence intensity
observed was proportional to the concentration of Hg?* ions with a detection limit of 0.49 nM. In another
example, Li et al. developed luminol-capped gold nanoparticles that reacted with silver nitrate under
alkaline conditions to generate a strong chemiluminescence emission.'’® The subsequent addition of Hg?*
caused significant chemiluminescent quenching, allowing for an LOD of 1 nM. General applicability of
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this probe was demonstrated through its use in real-world complex water and soil samples. Wu et al.
developed a catechin-functionalized gold nanoparticle probe for the detection of lead in both real-world
water and urine samples.’”® Even in such complex environments, the probe was highly selective for lead
in the presence of other metal ions and had a LOD of 1.5 nM. A unique fluorescent and colorimetric sensor
was developed by Li et al. for the detection of nitrite using p-aminothiophenol-capped gold nanorods and
1,8-diaminonaphthalene-modified gold nanoparticles.}”® In the presence of nitrite, the p-aminothiophenol
and 1,8-diaminonaphthalene functionalities reacted to form azo-dye bridged nanorod-nanoparticle hybrid
assemblies. The formation of these supramolecular architectures resulted in an increase in coloration and a
decrease in fluorescence, allowing for both naked-eye and fluorescent detection of nitrite.

Additionally, coinage metal nanoparticles have been used to detect biologically relevant compounds and
other small molecules. For example, FRET between upconversion nanoparticles and gold nanoparticles was
used for melamine detection, as reported by Wu et al.}8 The positively charged upconversion nanoparticles
and negatively charged gold nanoparticles formed electrostatically-driven association complexes, leading
to strong fluorescence guenching. Melamine, an industrially relevant toxicant, caused aggregation of the
gold nanoparticles due to a strong interaction between amino groups of melamine and Au, disrupting the
initial electrostatic interactions and leading to recovery of the upconversion nanoparticles’ fluorescence.
This nanosensor was used for melamine detection in raw milk samples and showed high selectivity over
other common ions, amino acids and organic molecules. Dai et al. also used gold nanoparticles for the
FRET-based detection of melamine using amino-functionalized carbon dots as energy donors and gold
nanoparticles as energy acceptors.}’® The fluorescence of the gold nanoparticles was quenched upon
addition of carbon dots but could be recovered with the addition of melamine (Figure 131). As with Wu’s
system, the fluorescence restoration was due to the preferential binding of the amino groups on melamine
to the gold nanoparticles, displacing the amino-functionalized carbon dots. The system was used for the
detection of melamine in raw milk and milk powder and showed selectivity over other commonly occurring
species, including calcium ions, vitamin C and lactose.
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Figure 131. The FRET based mechanism for the detection of melamine using gold nanoparticles and carbon
dots: (A) The fluorescence of carbon dots was quenched by gold nanoparticles; and (B) The fluorescence
was restored with addition of melamine. Adapted with permission from Ref. 1782. Copyright 2014 Elsevier.

Similarly, Guo et al. developed a quantum dot-nanoparticle assembly for the FRET-based detection of
glyphosate,'® a common pesticide with significant biochemical relevance. Quantum dots were used as the
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energy-transfer donors, while gold nanoparticles were used as the energy-transfer acceptors. Positively
charged cysteamine moieties stabilized the gold nanoparticles and effectively quenched the fluorescence
intensity of the CdTe quantum dots through disrupting the predominant energy transfer pathway. However,
the addition of glyphosate induced aggregation of the gold nanoparticles and recovered the fluorescence of
the quantum dot donors (Figure 132). This FRET-based fluorescent method was applied for the detection
of glyphosate in apples.
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Figure 132. Schematic illustrations of FRET in a nanoparticle-quantum dot system: (A) Illustration of the
FRET mechanism between thioglycolic acid-CdTe-quantum dots and cysteamine-gold nanoparticles in the
absence of the target analyte; and (B) Illustration of the fluorescence quenching that occurs with the addition
of glyphosate!’8?

Silver nanoparticles have been used for luminescent detection applications and show several advantages
compared to gold nanoparticles, including sharper extinction bands and higher extinction coefficients.'7®*
They have been used for the detection of dopamine, as shown by Biswel et al., who synthesized
polymethacrylate-stabilized silver nanoparticles through in situ reduction of Ag* in the presence of
polymethacrylate using gamma irradiation.1® The detection limit for dopamine was found to be 0.527 uM.
Furthermore, a unique array-based sensor was developed by He et al. for the detection of five
organophosphate- and carbamate-containing  pesticides using luminol-functionalized  silver
nanoparticles.®® The chemiluminescence of luminol is typically produced via oxidation with hydrogen
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peroxide; similarly, chemiluminescence of the luminol-functionalized nanoparticles was generated upon
the addition of H,O, although at a slower rate than the free luminol fluorophore. When pesticide analytes
were adsorbed onto the nanoparticle surface before the addition of hydrogen peroxide, changes in the
chemiluminescence intensity, time required to generate chemiluminescence, and time required to reach the
chemiluminescence peak value were observed. Principle component analysis (PCA) using these changes in
spectral features generated an array-based detection scheme (Figure 133), which successfully distinguished
between various pesticides including dimethoate, dipterex, carbaryl, chlorpyrifos and carbofuran.
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Figure 133. Sensor array based on multi-component analysis of the analyte-induced fluorescence responses
for the detection of various pesticides — dimethoate (Dim), dipterex (Dip), carbaryl (Car), chlorpyrifos (Chl)
and carbofuran (Cbf). Structures of these compounds can be found in Figure 21. Reproduced from Ref.
1786. Copyright 2015 American Chemical Society.

7.4. Coinage Metal Nanoclusters

Coinage metal nanoclusters, which are distinct from nanoparticles and quantum dots because of their ultra-
small size (<1 nm)'"® and low toxicity,'’®® have also been widely exploited for sensing applications. The
luminescent features of gold and silver nanoclusters are highly tunable based on their size and the identity
of the surface-coating agents and these nanoclusters can act as signal amplifiers and energy donors for
FRET-based systems.18 Similar to the capping ligands on nanoparticles, capping ligands on the surfaces
of gold nanoclusters significantly affect system emission properties. Many gold and silver nanoclusters
have been used for the detection of metal cations such as copper and mercury. In one example, Deng et al.
reported the synthesis of water-soluble, monodispersed gold nanoclusters that used methionine both as a
reductant and as a nanocluster stabilizer.”®® The methionine-functionalized gold nanoclusters displayed an
intense yellow fluorescence emission at 530 nm that was quenched by the addition of Cu?*. The intensity
linearly decreased as the copper concentration increased from 50 nM to 8 pM, leading to a limit of detection
for Cu? of 7.9 nM. More recently, Chen reported gold nanoclusters that were synthesized by an
electrostatically induced phase transfer method and used for the detection of Cu?*.2"®! The nanoclusters
displayed red fluorescence emission at 700 nm that was quenched due to the aggregation induced by Cu?*.
Silver nanoclusters have also been used for metal cation detection as shown by Yuan et al. who reported a
highly luminescent silver nanocluster sensor for the detection of mercury ions.'’®? The silver nanoclusters
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were protected by glutathione and showed desirable sensor features including fast detection time (<1 min),
high selectivity, and a low LOD of 5 nM.

Copper nanoclusters are also desirable detection platforms due to their high conductivity and relatively
low cost.1"®® However, they are more difficult to synthesize than gold and silver nanoclusters owing to their
susceptibility to surface oxidation when exposed to air. As a result, copper nanoclusters are typically
prepared in an inert atmosphere under nitrogen'’®® or argon!’®* gas. Stabilizing and protecting ligands such
as glutathione'’®®, hydrazine!’®® and NaBH,'"*", can also be used to avoid undesired copper oxidation. In
one example of a copper nanocluster-based detection scheme, Xiaoging et al. synthesized copper
nanoclusters using hydrogen peroxide as a stabilizing additive, and used them for the detection of
mercury.'’®® The copper nanoclusters showed better photostability compared with those formed by other
preparation methods, and had a limit of detection of 4.7 pM. Luo et al. also used copper nanomaterials for
the detection of mercury, in which glutathione served as a protecting ligand and ascorbic acid was used as
a reducing agent.}’® The nanomaterials thus formed displayed good water solubility and photostability.
Bimetallic nanoclusters have been shown to have better performance compared to monometallic
nanoclusters due to positive synergies between the metal components. In one example of a bimetallic
sensor, a series of bovine serum albumin-protected Au-Ag bimetallic nanoclusters were prepared by Zhai
et al., and they found that the electrochemiluminescence emission of Ag-doped gold nanoclusters was
approximately five times higher than those of monometallic gold nanoclusters.®® The nanoclusters were
used as Hg?* sensors, based on the analyte-induced quenching of the electrochemiluminescence signal due
to the binding of Hg?* to Au or Ag atoms.

Several dual-detection fluorescent sensors have been developed for the sequential detection of more than
one analyte. An example of such a sensor was reported by Niu et al. who developed a ratiometric
fluorescence sensor for the detection of both melamine, an industrially relevant toxicant, and mercury
ions.28% The red fluorescence of the gold nanoclusters was quenched by the addition of mercury cations
due to the affinity of Hg?* toward Au. Melamine was able to sequester the bound Hg?* due to the stronger
affinity of mercury toward amines, which allowed for near-complete emission recovery. Furthermore, a
naked-eye visible color change from red to green was observed with increasing concentrations of Hg?*,
with the original red color restored after the addition of melamine. The ratiometric nanoprobe was
biocompatible and therefore was used for cell imaging. More recently, Qu et al. also developed a dual-
emission fluorescence sensor for the detection of both Hg?* and melamine.t82 This fluorescent probe used
carbon nanodots as an internal reference (defined as a species in a ratiometric detection scheme whose
emission remains consistent) and glutathione-stabilized gold nanoclusters as the sensing probe. As in the
previous example, the red emission of the glutathione-stabilized gold nanoclusters was quenched with
addition of Hg?* and recovered with addition of melamine. The fluorescent probe had a detection limit of
29.3 nM and showed selectivity over other potentially interfering substances, including other metal cations
and nitrogen-containing organic molecules. Furthermore, Bian et al. developed a simple and portable test
paper that used glutathione-functionalized gold nanoclusters for the fluorometric detection of both Hg?* and
Pb2*.18%3 The nanoclusters responded to the presence of the target analytes by aggregating, resulting in
aggregation-induced fluorescence quenching and enhancement for analytes Hg®* and Pb?*, respectively.
The sensor could be reused up to three times by immersing the test paper in a saturated solution of
ethylenediamine tetraacetic acid (EDTA) between each sensor use to remove the bound metal analytes. Lin
et al. developed bovine serum albumin-coated gold nanoparticles that were quenched by the presence of
Cu?*, which could be sequestered by histidine to enable fluorescence recovery.®% It was found that the
presence of Hg?" interfered with the effective detection of Cu?* in this system; moreover, the Hg?*-induced
fluorescence quenching was irreversible and therefore could not be recovered by the addition of histidine.
This sensor was applied to Cu?* detection in drinking tap water and displayed detection results that were
consistent with data obtained by Atomic Absorption Spectrometry (AAS). The sensor had a lifetime of
more than 6 months and could be used more than 20 times, making it a stable and recyclable sensor for
Cu?*detection.
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Coinage metal nanoclusters have been used for pH sensing as shown by Ali et al., who used gold
nanoclusters for the fluorescent sensing of physiological pH.”® Bovine serum albumin was used as both a
reducing agent and capping agent for the gold nanoclusters, which showed red luminescence at 640 nm
emission. The sensing system was capable of detecting pH changes from a starting pH of 5 to a pH of 9,
which is a common pH change that occurs in the extracellular matrix after the death of red blood cells. In
another example, silver nanoclusters were used to detect changes in pH, as shown by Lu et al.’®® The
yellow-green emitting silver nanoclusters were functionalized with a copolymer ligand containing N-
heterocyclic groups of 8-hydroxyquinoline and N-isopropylacrylamide. The system was moderately
reversible and could be reused up to 6 times within a detectable pH range of 3.04-5.25. Additionally, copper
nanoclusters were utilized as bifunctional sensors for the detection of dopamine, a neurotransmitter, and for
pH sensing, as shown by Miao et al.’®%® Bovine serum albumin was used as a capping agent for these
fluorescent copper nanoclusters, which showed a linear decrease in fluorescence proportional to a decrease
in pH from 12 to 4, and a linear increase in fluorescence proportional to an increase in dopamine
concentration from 0.5 to 50 M. The sensor was used for pH determination of tap, river and drinking water
samples as well as for dopamine detection in urine samples.

Gold nanoclusters were used as fluorescent sensors for the selective and sensitive detection of hydrogen
sulfide, as shown by Zhang et al.»®%” Acetylcysteine was used as a nanoparticle stabilizing agent, with the
thiol group binding to the surface of the gold nanoclusters due to strong thiol-gold affinity. The presence
of H.S led to the formation of Au,S, leading to an increase in the size of the clusters, and causing
fluorescence quenching of the acetylcysteine-modified gold nanoclusters (Figure 134). The sensor showed
selectivity for hydrogen sulfide over anions, amino acids and thiol-containing compounds, and practical
applicability of the sensor was demonstrated through the detection of hydrogen sulfide in tap water, river
water, human serum and mouse serum. Additionally, silver nanoclusters embedded with quantum dots were
used for hydrogen sulfide detection by Yan and coworkers.®? The silver nanoclusters self-assembled onto
the thiol-functionalized surface of colloidal silica nanospheres, which encapsulated red fluorescent CdTe
guantum dots. Mercaptopropyltrimethoxysilane was functionalized onto the silica shell, where it induced
the self-assembly of the silver nanoclusters through interaction between thiols and the surface Ag atoms of
adjacent nanoparticles. The silver nanoclusters were extremely reactive with hydrogen sulfide, forming
Ag,S-derived surface defects; these defects, in turn, resulted in fluorescence quenching of the blue-emitting
nanoclusters. The red-emitting quantum dots were not affected by the presence of hydrogen sulfide, and
therefore acted as a reference signal for the ratiometric nanohybrid probe. The detection of gaseous H.S
was accomplished by bubbling the gas into bottles containing the nanocluster sensor and exciting the
samples via UV light irradiation. The solution-state fluorescence color change from violet to blue was
directly proportional to the concentration of H,S present and showed significant potential in the
development of on-site detection schemes.
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Figure 134. Schematic illustration of an acetylcysteine-modified gold nanocluster as a fluorescent sensor
for the detection of H,S8%7

Coinage nanoclusters have also been used for the detection of small organic molecules such as bisphenol
A (BPA), an industrially relevant toxicant, and dopamine, a neurotransmitter. In one example, Deng et al.
developed a sensor for the detection of BPA by anchoring a molecularly imprinted polymer layer onto the
surface of fluorescent silver nanoclusters.8%® The fluorescence of the silver nanoclusters was quenched by
the addition of BPA and was selective for BPA in the presence of other structurally related analytes,
including tetrabromobisphenol A, biphenol and hydroquinone. Even in real-world milk and juice samples,
the sensor was still able to detect BPA with an LOD of 0.02 ppb. In another example, Devi et al. developed
a fluorescent probe for dopamine detection using aminophenyl boronic acid-conjugated gold
nanoclusters.’®® The fluorescence of the probe was initially quenched due to interactions of the
functionalized nanoclusters with lactose, which caused the formation of boronate esters between the boronic
acid coating and the lactose moieties. Introduction of dopamine caused dissociation of the labile boronate
esters and the formation of new, dopamine-containing boronate esters with the probe, which led to a
fluorescence recovery. The probe was highly selective for dopamine compared to other catechol amines,
including adrenaline and noradrenaline, which had no effect on the emission of the probe.

Electron-rich luminescent nanomaterials can easily be quenched via PET or FRET in the presence of
electron-deficient nitroaromatic compounds, facilitating the development of sensors for explosives and
explosive-like compounds.'®° In one example, copper nanoclusters were used for the detection of TNT by
Yang et al.'®!! The L-cystine-modified copper nanoclusters emitted a faint fluorescence when dispersed in
aqueous solution, but with addition of TNT, the fluorescence intensity was significantly enhanced due to
analyte-induced nanocluster aggregation, caused by donor-acceptor interactions between the nanoclusters
and the analyte molecules (Figure 135). The sensor displayed selectivity for TNT over other nitro-
containing, structurally related analytes, and had a detection limit of 9.1 nM. More recently, Aparna et al.
also used copper nanoclusters for the detection of TNT by both fluorescence and colorimetric detection.8?
The polyethylene imine-capped copper nanoclusters were adsorbed onto paper strips for solid-state
detection, and detected TNT vapors with an LOD of 10 nM.
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Figure 135. L-cysteine modified copper nanoclusters for the detection of TNT through fluorescence
enhancement. Reproduced with permission from Ref. 1811. Copyright 2017 Elsevier.

7.5. Fluorescent Dye-Doped Nanomaterials

Fluorescent dye-doped nanomaterials are produced by encapsulating, doping, or capping fluorescent dyes
in and around nanomaterials.'®® By dispersing fluorescent dyes into nanofibers or other matrices, the
guantum efficiency of the dye increases due to reduced aggregation and limits of undesired FRET between
dye molecules.’®* An example of this phenomenon was reported by Wang et al., who developed two 1,4-
dihydroxyanthraquinone (1,4-DHAQ)-doped cellulose microporous nanofiber films that could detect Cu?*
and Cr® sequentially in aqueous solution.!® The sensing mechanism for Cu?* was due to the binding of
copper with the phenolate of 1,4-DHAQ (Figure 136), which enabled linear decreases in the fluorescence
intensity of the system with increasing concentrations of copper, for [Cu?*] between 2.5 nM and 37.5 nM.
Interestingly, the fluorescence of the 1,4-DHAQ could be recovered by the addition of Cr3*, which displaced
Cu?* and bound to the 1,4-DHAQ phenolate moiety, resulting in fluorescence restoration. The Cu?-
containing 1,4-DHAQ nanofiber film was therefore used for the fluorescence detection of Cr*, with the
fluorescence intensity of the co-doped 1,4-DHAQ-Cu?* nanofiber film linearly increasing in the Cr*
concentration range between 2.5 nM and 25 nM. The detection of Cu®* and Cr¥ was successfully
accomplished in polluted lake water samples, where good selectivity over other metal cations was
demonstrated. In another report Tyagi et al. used silver nanorods that were coated with Rhodamine 6G for
the detection of lead in aqueous solution.'®*® Upon the addition of lead to the sample, the fluorescence of
Rhodamine 6G turned on, resulting in a sensor with a detection limit of 50 ppb.
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Figure 136. Illustration of the sensing mechanism of the 1,4-DHAQ doped cellulose (CL) microporous
nanofiber films for Cu?* and Cr3* detection. Reproduced from Ref. 1814. Copyright 2012 American
Chemical Society.

Chromophore-gold nanoparticle composites are also very advantageous for sensing applications, due to
the strongly quenching nature of gold nanoparticles which facilitates the development of a system that is
“off” in the absence of the target analyte. Recently, Xu et al. developed a gold nanoparticle-based sensor
that incorporated a meso-(4-pyridinyl)-substituted BODIPY dye for the detection of thiols in aqueous
solution.'®® The coordination of the dye to the gold nanoparticle surface occurred through strong N-Au
interactions, efficiently quenching the fluorescence of the BODIPY moiety (Figure 137). The addition of
biologically relevant thiols, including cysteine, homocysteine and glutathione, led to displacement of the
chromophore and a near-complete restoration of fluorescence. The sensor had an LOD of 30 nM and was
successfully used in the intracellular imaging of thiols in living HeLa cells.

weakly fluorescent highly fluorescent

Figure 137. Thiol sensor based on the fluorescence quenching of BODIPY by gold nanoparticles. Adapted
with permission from Ref. 1816. Copyright 2016 Elsevier.
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Additionally, Cao et al. presented a method for detecting melamine, an industrially relevant toxicant
utilizing FRET between Rhodamine B and citrate-stabilized gold nanoparticles.’®¥” The emission of
Rhodamine B was quenched when it was electrostatically adsorbed to the surface of the gold nanoparticles.
The addition of melamine caused aggregation of the gold nanoparticles and release of the adsorbed
Rhodamine B, leading to recovery of the fluorescence emission. The method was applied to real-world
samples of milk and powdered infant formula, and a detection limit of 0.18 ppb was obtained. The
incorporation of fluorescent dyes on the surface of nanomaterials has also been applied for nitroaromatic
sensing using fluorescein®®® or pyridine derivatives.'®1® Ma et. al. developed a fluorescent nanoparticle that
encapsulated tris-(8- hydroxyquinoline) aluminum and was used for the detection of the nitroaromatic
trinitrophenol (TNP).182° The fluorescence emission of the nanoparticle at 499 nm was quenched with the
addition of TNP, with a TNP detection limit of 32.3 ppb reported.

7.6. Carbon-Based Nanomaterials

Carbon nanomaterials have attracted much attention in recent years due to their high mechanical strength,
good chemical and physical stability, ease of functionalization and relatively low cost.178%182 Additionally,
fluorescent carbon dot sensors are becoming attractive materials for biological applications, due to their
low toxicity and good biocompatibility.'”** Zhao et al. developed a strategy for synthesizing carbon dots
with differentially functionalized surfaces using various ionic liquids as solvents and microwave treatment
procedures for effective sample preparation. 1822 The carbon dots obtained via these methods were highly
luminescent and showed differential, analyte-specific selectivities for Cu?* and Fe** (Figure 138).
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Figure 138. Surface-different carbon dots synthesized using different ionic liquids and applied for the
detection of Cu?* and Fe**. Reproduced with permission from Ref. 1822. Copyright 2014 Elsevier.

Additionally, a novel nanohybrid fluorescent probe was developed by Cao et al. for the ratiometric
detection of mercury.’®?® The probe was composed of red-emitting carboxylmethyldithiocarbamate-
modified CdSe/ZnS quantum dots and a form of carbon nanomaterials, blue-emitting carbon dots (vide
infra), and exhibited dual peak emissions at 436 nm and 629 nm from a single excitation wavelength. In the
presence of Hg?*, the fluorescence of the carboxymethyldithiocarbamate-modified CdSe quantum dots was
quenched while that of the carbon dots was unaffected, resulting in a visible color change of the system
from red to blue.

A dual-emission carbon dot was reported by Qu et al. for the detection of dopamine and the monitoring
of the activity of tyrosinase, an enzyme that converts tyrosine into melanin.¥** The carbon dot’s
fluorescence emission was quenched by gold nanoparticles and could rapidly be restored by addition of
dopamine. With the addition of tyrosinase, dopamine was oxidized to dopaquinone and the emission of the
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carbon dots returned to the off state. The sensor was selective for dopamine over other structurally similar
compounds, including levodopa, epinephrine, L-phenylalanine and catechol.

7.7. Graphene Oxide-Based Nanomaterials

Graphene oxide is a material characterized by a single graphene sheet, or “monolayer,” that displays unique
electronic and mechanical properties that are advantageous for sensing applications.'#% Of note, graphene
oxide can be functionalized using a variety of straightforward methods, and numerous functional groups,
including epoxy, carboxy and hydroxy, can be appended onto the surface.®?” Graphene has a higher
guenching efficiency compared to other quenching agents, due to its enhanced electrical conductivity and
2D planar structure,”® and therefore is a great energy transfer acceptor for FRET-based luminescent
sensors.'8% |n one example, graphene oxide was used as a sensing platform for the detection of amantadine
as demonstrated by Li et al.’®?” This probe was based on the host-guest interaction of mono-[6-(2-
aminoethylamino)-6-deoxy]-p-cyclodextrin (EDA-CD) functionalized graphene oxide with amantadine
and Rhodamine 6G. In the absence of analyte, the emission of Rhodamine 6G was quenched by addition to
the cyclodextrin-modified graphene oxide layer; however, introduction of amantadine, a pharmaceutical
agent,displaced Rhodamine 6G from the surface and led to significant fluorescence increases (Figure 139).
The addition of compounds that are likely to co-exist in real-world environmental samples, such as sugars,
starches, vitamin C, and amino acids, did not affect the detection of amantadine. The sensor had a limit of
detection of 5 uM and was used for amantadine detection in variety of complex environments, including in
pharmaceutical capsule formulations.

GO-COOH EDA-CD Amantadine Rhodamine 6G

Figure 139. Mono-[6-(2-aminoethylamino)-6-deoxy]-p-cyclodextrin (EDA-CD)-modified graphene oxide
used for the detection of amantadine based on competitive host-guest interactions. Reproduced with
permission from Ref. 1827. Copyright 2014 Elsevier.

Bao et al. also developed a sensor that was based on the advantageous quenching capabilities of graphene
oxide.'®® A [2]rotaxane bearing a thread functionalized with both pyrene and Rhodamine B moieties
(Figure 140) adsorbed on the surface of graphene oxide using n-n interactions and intermolecular hydrogen
bonding, leading to FRET-induced luminescence quenching of the rotaxane. The addition of doxorubicin,
a pharmaceutical agent, displaced the rotaxane from the graphene oxide surface, resulting in an increased
fluorescence emission. The sensor was selective toward doxorubicin over other commonly occurring
pharmaceutical agents, with a doxorubicin detection limit of 18.5 nM and a Benesi-Hildebrand binding
constant of 3.63 x 10* M. Similarly, a sensor for the detection of the amino acid L-methionine was reported
by Zor et al. based on the host-guest interactions between L-methionine and reduced graphene oxide/a-
cyclodextrin hybrid materials.®?® The addition of luminol to the reduced graphene oxide/a-cyclodextrin
sheets led to a 90% quenching of the luminol emission, with emission restoration occurring with the
addition of L-methionine. This system was able to detect concentrations of L-methionine as low as 1.7 mM.
Furthermore, Mondal et al. also used a graphene-bound B-cyclodextrin as a cholesterol sensor based on the
competitive host-guest interaction between Rhodamine 6G and cholesterol.3%° The emission of Rhodamine
6G was quenched by encapsulation in the cavity of the graphene-bound B-cyclodextrin. Cholesterol
selectively displaced the Rhodamine 6G, freeing it from the quenching agent and turning the fluorescence
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back on. (Figure 141). Of note, little interference occurred with the addition of anionic surfactants such as
sodium dodecyl sulfate, however, neutral surfactants such as Tween 80 displaced Rhodamine 6G, resulting
in emission enhancement.

Figure 140. [2]Rotaxane with a pyrene- and Rhodamine B-functionalized thread that had been used in the
fluorescent detection of doxorubicin'®?®
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Figure 141. B-cyclodextrin-modified graphene for the detection of cholesterol via competitive host-guest
interaction8°

Similarly, Hu et al. used a B-cyclodextrin-functionalized graphene-based fluorescent probe for the
detection of tetrahydrofuran (THF), a VOC.1#! This sensor was based on the competitive interactions of
Rhodamine B and the analyte for binding in the cyclodextrin cavity. Prior to analyte addition, the emission
of Rhodamine B was quenched due to its close proximity to the graphene oxide monolayer as a result of
binding in the cyclodextrin cavity. With the addition of (THF), increased Rhodamine B emission was
observed due to the displacement of Rhodamine B from the cyclodextrin cavity and its concomitant removal
from proximity to the graphene oxide. An increase in emission was also observed when the system was
dissolved in water-miscible solvents, indicating limited selectivity in this sensor system, but strong
sensitivity for THF was seen, with a 1.7 ppm detection limit calculated. Sensors have also been developed
by grafting cyclodextrin onto silica beads with a fluorogenic linker, such as in the example reported by
Becuwe et al., in which toluene, another VOC, was detected through pyridinoindolizin-functionalized
cyclodextrin binding near a nanomaterial surface (Figure 142).%32 1000 ppm of toluene led to a 19%
decrease in fluorescence emission intensity in this system, compared to only 10% that was observed in the
presence of free pyridinoindolizin-modified B-cyclodextrin.
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Figure 142. B-cyclodextrin grafted onto chlorobenzylated silica by a fluorescent linker832

Silylated quartz modified with a calix[5]arene has been used for the detection of linear alkylammonium
ions, as reported by Cristaldi et al.!®%® In the absence of analyte, the calix[5]arene adhered strongly to the
silylated quartz substrate, however, with the addition of n-dodecylammonium chloride, n-butylammonium
chloride or cadaverine, a naturally occurring toxic diamine, the macrocycle was released from the surface
and an increase in emission was observed. The sensor had a detection limit of 10 ppm for n-
dodecylammonium chloride, and the initial fluorescence could be fully restored by washing the analyte
with basic THF. Additionally, Zhoa et al. developed an amphiphillic pillar[5]arene covalently attached to
reduced graphene oxide as a sensor for acetaminophen, a pharmaceutical agent, with the key intermolecular
interactions in this system including hydrogen bonding, hydrophobic interactions and n- 7 interactions.*834
In the absence of analyte, an acridine orange fluorophore bound in the pillar[5]arene cavity, leading to a
guenching of fluorescence due to its proximity to the reduced graphene oxide. Introduction of
acetaminophen to the system resulted in displacement of acridine orange from the cavity and a resultant
increase in fluorescence intensity. The sensing system showed selectivity for acetaminophen over a variety
of potentially interfering species including 4-aminophenol, amino acids, surfactants, sugars, and salts. In
complex matrices such as human serum samples, the system still maintained efficacy and had a detection
limit of 0.05 puM. In another example, a selective sensor for tadalafil, a pharmaceutical agent for the
treatment of erectile dysfunction, was developed by Yang et al. using a calix[6]arene bound to reduced
graphene oxide.’® In the absence of analyte, Rhodamine B emission was quenched by the calix[6]arene-
reduced graphene oxide, however, the addition of tadalafil released the Rhodamine B and regenerated the
fluorescence emission (Figure 143). Of note, the binding constant for tadalafil was an order of magnitude
stronger than the binding constant of Rhodamine B (10° vs. 10* M), and the sensor was selective for
tadalafil over other similar drugs, surfactants, sugars and ions, with a detection limit of 0.32 uM. In another
example, Sun et al. developed a fluorescent sensor for the detection of carbaryl, a commonly used pesticide,
at nanomolar concentrations, with a Benesi-Hildebrand binding constant of 4.2 x 105 M™.18% The sensor
was fabricated by the non-covalent association of graphene oxide with a triazole-linked pyrenyl
calix[4]arene, and the presence of carbaryl led to 75% quenching of the system fluorescence emission.
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Figure 143. Calix[6]arene-reduced graphene oxide for the detection of tadalafil by fluorescent indicator
displacement. Reproduced with permission from Ref. 1835. Copyright 2015 American Chemical Society.

Graphitic carbon nitride is a material similar to graphene oxide that is typically composed of heptazine
or triazine sheets, both of which are produced from melamine (Figure 144).18" Graphitic carbon nitride is
a promising photocatalyst'®* and displays good biocompatibility, high fluorescence quantum yields, and
strong electrochemiluminescence.®® Wang et al. deposited B-cyclodextrin onto the surface of graphitic
carbon nitride to form a luminescent nanocomposite that was used for organophosphate detection.'84 In the
absence of the organophosphate analyte, the graphitic carbon nitride host was highly luminescent due to
the presence of a triethylamine additive. Acetylcholinesterase was then immobilized on the surface of the
nanocomposite, through binding to ferrocenecarboxylic acid encapsulated in the B-cyclodextrin cavity, and
the system was treated with acetylthiocholine. Treatment with acetylthiocholine produced acetic acid,
which reacted with the triethylamine and effectively quenching the triethylamine-promoted emission of the
nanocomposite. When the enzyme was inhibited by the addition of organophosphates, triethylamine was
not consumed by acetic acid, and the host remained highly luminescent. Thus, the activity of the enzyme
could be monitored by changes in luminescence. Organophosphate concentrations as low as 0.3 pM were
found to lead to enough enzyme inhibition to produce emission enhancement.
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Figure 144. Typical graphitic carbon nitride constructs*®’
8. Conclusions and Outlook

This review article covers a broad variety of supramolecular luminescent sensors that have been developed
for an extremely diverse range of analytes based on supramolecular associations. These sensors are based
on supramolecular architectures, including macrocycles, polymers, and nanomaterials and respond to the
presence of the target analyte with a measurable change in their luminescence signal, including a change in
luminescence intensity or a shift in the spectral position of the luminescence read-out signal. Low limits of
detection have been reported in numerous cases, including pM level sensitivities,'®! and high levels of
selectivity for the target analyte have been demonstrated, even in the presence of large numbers of
potentially interfering analytes.

Despite these significant advances and the enormity of the intellectual effort that has been spent in this
field, unsolved problems in the area of chemical detection remain. Many of these problems relate to
detection in complex systems, such as in the remediation of large-scale environmental disasters (i.e. oil
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spills, 842 industrial chemical contamination,84 etc). In such cases, a priori knowledge of the main chemical
contaminant(s) is still necessary in order to accomplish practical detection/screening, especially of large
numbers of potentially contaminated samples in a rapid time frame. This knowledge is necessary because
state-of-the-art detection methods still rely overwhelmingly on mass spectral-based detection, which
generates a signal for every one of the uniquely massed species in the complex environment. In order to
screen for a particular compound with a particular mass, therefore, a priori knowledge is required.

While such knowledge is usually available, there are multiple reported cases in which inaccurate or
incomplete knowledge delayed accurate detection and was responsible for inadvertent toxicant exposure.
In the 2014 Elk River chemical spill in West Virginia, for example, first responders were initially unaware
of the presence of a secondary contaminant in addition to the primary 4-methylcyclohexylmethanol (4-
MCHM) contaminant.'®* The first responders in this case relied on the chemical company responsible for
the spill to accurately disclose the nature of the contamination, and then screened large numbers of samples
only for the reported contaminant. When accurate information was not forthcoming until several days after
the initial contamination event, residents were inadvertently exposed to additional contaminants, first
responders were unable to develop effective remediation strategies, and the development of an effective
containment response was delayed.*®* Similar gaps in current state-of-the art detection methods explain
why consumers were initially unaware of the presence of bisphenol A (BPA) analogues, including
bisphenol S (BPS) and bisphenol F (BPF), in the presence of products labeled “BPA-free,” and were
inadvertently exposed to these BPA derivatives.!* Detection methods for BPA relied on mass spectral
methods;4” because the BPA analogues have slightly different molar masses, they remained undetected in
the products for an as-yet undetermined amount of time.

Array-based luminescent sensors that are not specific for a single analyte but display patterns of
interactions with broader varieties of analytes can provide some knowledge of the nature of an unknown
contaminant, especially if the statistical analyses of such signals can be tuned to identify certain structural
features of the analyte. Rotello discusses some of the challenges of unknown analyte identification in his
2015 review article on selectivity vs. specificity in chemical sensors,* and highlights the potential of
luminescent chemical sensors to address these challenges. Currently used commercial sensors still do not
have the ability to accomplish completely unguided analyte identification, however, and numerous practical
and technical challenges remain before such powerful commercial devices become a reality. In the interim,
the large numbers of chemists working in this extremely active research area are developing and reporting
significant research advances in luminescent chemical sensors, and numerous practical applications of such
sensors in airport security screening, fluorescence-guided surgery, cancer diagnostics, and other areas have
been, and continue to be, reported. There is great need for stand-alone luminescence-based sensors that
encompass selectivity, sensitivity, and applicability that overcome the aforementioned challenges, and the
chemistry described herein exemplifies the significant advances that have been taken toward that goal from
numerous research groups in recent years.

Supramolecular luminescent sensors have solved significant problems in a broad variety of research
areas, including in biological imaging,'®*® medical diagnostics,’®*® national security,** and food and
agricultural safety.'®® Among the classes of luminescent sensors discussed herein, supramolecular
polymer-based sensors have significant system advantages due to their ability to amplify chemical signals
that are generated as a result of interactions with the target analyte.® This signal amplification occurs due
to the fact that conjugated polymers act as molecular wires, with uninterrupted electron communication
throughout the length of the conjugated polymer chain.’®® As a result, interaction with an analyte that
occurs anywhere along the chain can be detected spectroscopically as a result of facile exciton migration
throughout the chain. Cavitand and cryptand-based sensors, by contrast, lack the capability for signal
amplification; as a result, sensitivity for a target analyte is often lowered in these sensors compared to the
conjugated polymer-based ones, although selectivity due to specific binding is often enhanced.!8!

Despite the significant advances that have been made in solving sensor-related problems, a number of
unsolved challenges still remain. Such challenges include:
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(a) Achieving selectivity in anion detection in aqueous environments: The high degree of solvation of
anions means that anion-specific binders often are binding a highly solvated anionic analyte.'®5? Such
solvated anions often have less structural differences than the unsolvated anions, and as a result, achieving
selectivity in the detection of solvated anions remains challenging.!®? Efforts to address this lack of
selectivity including the use of array-based analysis to generate unique response patterns,8* the
development of methods to desolvate anions prior to binding,*% and the ability to generate sensors that can
accurately distinguish between solvated anions, despite their small structural differences.8%

(b) Demonstrating robust performance in biological environments: Chemical sensing in biological
environments is inherently complex, due to the large numbers of potentially interfering analytes as well as
the highly polar aqueous environment.'®%” Although significant progress has been made in this area, there
is still a significant need for sensors that operate with high sensitivity, selectivity, and robust performance
within the complex biological milieu.8%®

(c) Accomplishing unguided chemical detection: Although the chemistry community has made
significant progress in detecting an analyte when the identity of the analyte is known, detecting analytes
whose identity is unknown remains a largely unsolved challenge. The need for such unguided detection
occurs in a number of real-world scenarios, including in the 2014 Elk River chemical spill in West Virginia,
in which the identity of the contaminants was not initially disclosed;®%° when an unconscious patient comes
into the emergency room as a result of a chemical exposure event that is unknown to the physician; and
when food is contaminated with an unknown pathogen that needs to be detected accurately. Progress in
achieving such unguided detection has been reported, although significantly more work remains to be
accomplished before this problem is solved.**
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