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Abstract

Emerging from the origins of supramolecular chemistry and the development of selective chemical
receptors that rely on lock-and-key binding, activity-based sensing (ABS)-which utilizes
molecular reactivity rather than molecular recognition for analyte detection-has rapidly grown into
a distinct field to investigate the production and regulation of chemical species that mediate
biological signaling and stress pathways, particularly metal ions and small molecules. Chemical
reactions exploit the diverse chemical reactivity of biological species to enable the development of
selective and sensitive synthetic methods to decipher their contributions within complex living
environments. The broad utility of this reaction-driven approach facilitates application to imaging
platforms ranging from fluorescence, luminescence, photoacoustic, magnetic resonance, and
positron emission tomography modalities. ABS methods are also being expanded to other fields,
such as drug and materials discovery.
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1. Introduction

The development and application of new sensors to visualize dynamic chemical species with
high selectivity and sensitivity is a powerful approach to help decipher the contributions of
small molecules and metals in living systems at a molecular level.[!] In this context, one
prominent and broad class of chemosensors are for reactive small-molecule species in the
oxygen,[2-5] nitrogen,[4 €1 carbon,[- 8 and sulfurl®-11] families, which are actively produced
and metabolized in a diverse array of native biological processes and play dichotomous
signal and/or stress roles in both healthy and diseased states.[12-24]1 Another important class
of chemical species in biology are metals, which play key roles as structural and metabolic
cofactors within proteins and nucleic acids, redox sources in respiration and metabolism,
and in generating transient ion fluxes mediated by channels, transporters, and allosteric
enzymes that contribute to cell homeostasis and physiology.[15: 161

In this Review, we provide an overview of the field of activity-based sensing (ABS), starting
with a historical perspective on the development of ABS originating from supramolecular
chemistry and binding-based methods for sensing and imaging in biological environments.
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We then lay out the principles of ABS, emphasizing reaction development with a view
towards selectivity and biocompatible probe design, summarizing the major types of
chemical reactions that have been employed to selectively detect analytes in biological
environments. We follow with a discussion on select applications of ABS across various
imaging modalities that enable the use of these reagents in native biological settings. We
then conclude by discussing current and future opportunities for ABS methods applied to
new avenues of research, including functionalized materials, therapeutics, bioconjugation,
and chemoproteomics. Owing to space limitations and the rapid growth of the field, our
intent is not to provide an all-inclusive cataloged list of ABS methods, but rather to provide
a foundation and motivation for further development by highlighting key conceptual and
practical advances that have pushed the field forward. We restrict our discussion to synthetic
small-molecule ABS indicators, noting that proteins, nucleic acids, and other synthetic and
biological polymers are also viable platforms for this approach. We refer readers to other
leading reviews that summarize various aspects of activity-based sensors.[4 17-23]

2. Historical Origins of Activity-Based Sensing

2.1. From Supramolecular Chemistry to Binding-Based Sensing (BBS)

The origins of ABS stem from the development of supramolecular chemistry, starting with
the lock-and-key recognition complexes pioneered by Pedersen (crowns), Lehn (cryptands),
Cram (spherands), and their co-workers in the 1960s and 1970s (Figure 1). This work was
recognized by the 1987 Nobel Prize in Chemistry and launched the field of molecular
recognition, where receptors to bind specific classes of metals, other ions, and small
molecules were created by modifying the structure, intermolecular interactions, and
stereoelectronic properties to impart binding selectivity. In 1967 Pedersen reported cyclic
polyethers, more commonly referred to as crown ethers, as the first synthetic molecules
capable of forming stable complexes with cationic metals and oxygen atoms through ion—
dipole interactions.[24 5] Realization of the initial crown ether complex and further studies
relied on optical sensing with ultraviolet/visible (UV/Vis) spectroscopy to characterize the
binding of aryl phenols that undergo a sharpening of their characteristic absorption band at
275 nm and development of a second band at 281 nm upon complexation with the ion.
Pedersen expanded the size and coplanarity of the ligand interior and modulated the number
of coordinating aliphatic and aromatic oxygen atoms to enact selective binding of ions,
including Li, Na, K, Cs, Ag, Ca, Cd, Hg, and Pb metal ions in various oxidation states, as
well as charged nitrogen species.

Expanding upon the work of Pedersen, in a seminal 1969 report, Lehn, Dietrich, and
Sauvage developed three-dimensional cavities, termed cryptands, for the recognition of a
variety of analytes.[26] Macrocyclic topology increases the stability and retention of the
substrate, leading to enhanced binding and selectivity.[27] Cryptands increased the selectivity
of the ligand inclusion complexes by modulating the cavity size to create reporters for
cations,[28] anions, 291 and small molecules.[3] In the next decade, Cram et al. advanced the
field further through the development of spherands, enhanced by the design of a
preorganized ligand complex to achieve higher selectivity.[31] The rigidity of complexation
ligands supported by a covalent network allows unprecedented control for creating spherical
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coordination sites.[32 331 Artz and Cram expanded the field to create derivatives such as
hemispherands,[34] and Gutsche et al. pioneered the development of calixeranes,[35: 361
which can recognize and bind a variety of chemical species. Modern methods of
supramolecular chemistry continue to expand and create new molecules to develop advanced
materials,[37] improve upon recognition capabilities,[38] and apply these techniques to
biological and bio-inspired sensing.[3%! Indeed, the 2016 Nobel Prize shared by Sauvage,[4°]
Stoddart,[41] and Feringal#2] for the design and synthesis of molecular machines is a prime
example of new function derived from supramolecular chemistry, namely the discovery of
the mechanical bond as a fundamentally new type of chemical linkage.

In the late 1970s and continuing throughout the 1980s, Tsien carved out a new path for
synthetic lock-and-key methods by realizing their potential in biology, as illustrated by his
pioneering work on the development of selective chelators,[43] and later fluorescent
sensorst44] and photocaged compounds,[4> 461 for the detection and regulation of calcium, a
central signaling metal in living systems. We denote these types of probes as operating
through a binding-based sensing (BBS) mechanism.[23] Specifically, Tsien developed 1,2-
bis(o-aminophenoxy)ethane- N, N,-N N “tetraacetic acid (BAPTA), an expanded version of
the canonical metal chelator ethyl-enediaminetetraacetic acid (EDTA) but with an extended
diether backbone to make a tetracarboxylate binding site that would favor formation of 8-
coordinate Ca'!' complexes.[47] Moreover, because BAPTA was generally adaptable to
incorporation onto fluorescent scaffolds, Tsien and co-workers were able to create metal-
sensing platforms that respond to metal binding by either a turn-on increase in the
fluorescencel#8. 4% or a ratiometric shift in the excitation/emission wavelengths[44! before
and after metal binding. Further optimizations of the chelator enabled selective imaging of
Call with 4-fold, 12-fold, and 40-fold selectivity for Mg"', Mn!!, and Zn'! respectively. In
particular, the ratiometric calcium sensor Fura-2 enabled the study of calcium in systems
previously incompatible with sensing platforms, and this work launched the field of BBS for
a wide range of biological analytes, including alkali, alkaline-earth, other physiologically
relevant cations,[°%] and transition-metal ions,[18] as well as a host of applications in
molecular sensors and molecular logic gates.[5X] More recent directions in synthetic methods
for BBS have focused on fluorescent probes for copper,[18: 52-561 zinc, [57. 58] and other
essential metal nutrients.[23. 59 601

2.2. From Chemodosimeters to Activity-Based Sensing (ABS)

As the application of supramolecular molecular recognition principles led to the
development of selective binding-based calcium sensors for widespread biological use, work
in the 1990s by Czarnik on chemodosimeters in abiotic contexts led to the development of
activity-based sensors for use in living systems. (Figure 1).[61. 621 Chemodosimeters utilize
tailored chemical reactivity, rather than binding or recognition-based approaches, to
selectively measure classes of organic or inorganic analytes in a dose-dependent manner. In
a seminal 1992 report, Chae and Czarnik used the transformation of thioamide-
functionalized anthracene for the detection of thiophilic heavy metals.[63] Hydrolysis of the
fluorescencequenching thioamide to the fluorescent amide induced by thiophilic metals such
as Hg'' and Ag' results in a dose-dependent, highly selective turn-on fluorescence response.
Another key advance was realized by Nagano and co-workers in the late 1990s by creating

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2020 November 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bruemmer et al.

Page 5

dosimeters for measuring specific classes of biological analytes, which we term
biodosimeters. This work culminated in the design and synthesis of probes for reactive
nitrogen species (RNS) that exploit the oxidative reactivity of nitric oxide (NO) in the
presence of dioxygen to form triazenes from vicinal diamines, an expansion on work carried
out by Isom and co-workers.[84. 651 Diaminofluorescein (DAF)[85] and diaminorhodamine
(DAR)I®8] probes bearing a diaminopheny! group on the bottom ring of a xanthone core
elicit a turn-on fluorescence response through a diamine-to-triazene transformation in the
presence of NO and oxygen. Stimulation of rat muscle cells through cytokine activation and
inhibition revealed fluorescence changes in a RNS-dependent manner with high sensitivity;
the use of DAF, DAR, and congeners have unveiled new NO biology.[67-69]

Against this backdrop, our group initiated a program in the early 2000s to create new types
of sensor platforms by uncaging a fluorophore through a chemospecific reaction, which we
now term activity-based sensing (Figure 2a). ABS reagents can be designed by
retrosynthetic disconnection of a reporter modality into an analyte-responsive moiety and an
analyte-specific chemotype (Figure 2b). A first-generation example of this strategy is
Peroxyfluor-1 (PF1), where the hydrogen peroxide mediated oxidation of boronates to
phenols generates fluorescein as the product from a caged diboronate precursor.[7%] Indeed,
the chemoselective oxidation of PF1 by hydrogen peroxide (H,05), but not metabolites from
other reactive oxygen species (ROS), can proceed in aqueous solution and in living cells,
thereby providing the means to report on this important oxygen metabolite with molecular-
level specificity in a variety of biological settings. Most importantly, the boronate reaction
can be used with other scaffolds, thus providing a general design strategy for the detection of
H»0, and, by extension, other biological analytes, by an ABS method. Figure 1 depicts a
timeline linking key advances in supramolecular host—guest chemistry to binding-based
sensors and chemodosimeters to ABS sensors. In the following sections, design principles
and selected examples to highlight progress and prospects in the ABS field are provided.

3. Design Principles for Activity-Based Sensing

The design of effective probes for ABS must meet several criteria; most importantly a
chemoselective reaction trigger must be devised that can operate under biologically
compatible conditions (Figure 2). Drawing from concepts in supramolecular chemistry,[71]
BBS,[48] chemodosimetry,[63] and bio-orthogonal chemistry,[72] ABS offers a unique
strategy for analyte detection owing to its focus on molecular reactivity, rather than
molecular recognition, to achieve specificity since only the desired analyte can facilitate the
targeted chemical transformation. It is this dynamic nature of ABS reactions that offers
opportunities to apply retrosynthetic analysis, physical organic chemistry, and other tools
and tactics of synthesis in this methods development problem for chemical biology (Figure
2).

A key feature of ABS is to separate the analyte-sensing module from the imaging modality
to impart selectivity through chemical reactivity. In a typical ABS probe, a specific
biological analyte is reversibly bound to a reactive modality on an imaging platform, which
triggers a subsequent irreversible chemical reaction if the analyte reactivity is matched to the
reactive modality. This reaction cleaves, adds, and/or modulates the imaging platform in
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some way to elicit a measurable signal change. In this way, analyte sensing can then be
widely applied to a variety of imaging modalities and therapeutic platforms, since a
chemically responsive group, rather than a relatively limited chemical modulation of a
specific sensing platform, is being exploited to sense an analyte.

The ABS concept is broad by definition and can potentially encompass any biocompatible
chemical reaction. A host of organic, organometallic, and inorganic transformations that
have traditionally been used in chemical synthesis can be repurposed and/or modified to
sense analytes which are present in biological systems, and new reactions can also be
developed for ABS purposes. The following sections provide select examples of synthetic
reactions which have been employed for ABS, and highlight applications of these synthetic
methods to imaging, materials, therapeutics, and proteomics. We will focus on ABS probes
for diffusible small-molecule and metal analytes, noting that such approaches for
interrogating enzyme and nucleic acid activity can be applied to expand the ABS repertoire.
[73] Recent examples include work from Dickinson and co-workers to monitor the
depalmitoylation activity of acylprotein thioesterases,[74] a study by Sessler, Shabat, Kim,
and co-workers to accelerate cleavage of a biomimetic electron reservoir for detection of
NADPH: quinone oxidoreductase,[>] and a report by the Urano and Kamiya groups on
prostate-specific membrane antigen (PSMA) carboxypeptidase.[76]

4. Reaction Classes Employed for Activity-Based Sensing

The foundation for the ABS approach is the development of synthetic methods. In the
following sections, organic ABS probes are categorized with respect to their change of
oxidation state (defined with respect to the probe) as oxidative, reductive, or redox-neutral.
ABS probes that employ inorganic/organometallic reactivity are presented together in a
fourth section. The present section will describe chemical reactions developed to create ABS
reagents, with a brief mention of the imaging modalities utilized to demonstrate the utility of
the synthetic method. Selectivity among structurally similar analytes is generally obtained
by leveraging slight differences in chemical reactivity, physical organic chemistry principles,
and experimentation. Readers are directed towards the reviews and papers on specific
analytes for further details. More in-depth discussions on imaging and other applications
will be described in subsequent sections.

4.1. Oxidative Organic Reactions

The first set of ABS methods utilized oxidative organic reactions that were well-matched to
sense the contributions of reactive oxygen species (ROS) and reactive nitrogen species
(RNS) in the regulation of physiology and pathology (Tables 1 and 2). The diverse
chemistry, transient nature, and propensity of such species to dynamically interconvert
between ROS/RNS families highlight the need for new methods to decipher their individual
contributions to living systems. In this context, a formative example of ABS was the
development of H,O, probes by our group through the H,0,-mediated transformation of
arylboronates into phenols,[7%] a reaction that was first reported in the 1950s (Table 1).[77]
Subsequent work has shown that peroxynitrite (ONOO™) can also perform this oxidation on
certain fluorescent scaffolds,[78 791 but has a much shorter half-life (#,,(H,05) = 1 ms[80]
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and #,,(ONOO") = 0.8 nsl81l) and exists at lower concentrations than H,0, ([H,05] = 100
nm and [ONOO™] = 10 nm[82]) during normal physiology. Control experiments using an
inhibitor or sSIRNA/CRISPRI for nitric oxide synthase is a simple way to distinguish H,0,
from ONOO™ contributions.[83. 841 By caging various phenols and amines with an
arylboronate ABS trigger, the functionalization of a diverse range of sensing platforms
enables the sensitive and selective detection of H,O, in biological environments by a variety
of imaging modalities.[2 5 85] The wide applicability of the arylboronate trigger has
spawned application to fluorescent scaffolds with higher sensitivity,[83: 861 ratiometric
calibration,[87-8% various excitation/emission colors,[90-93] subcellular H,0, sensing,[94-97]
lanthanide luminescence, 98] bioluminescence, 99 1001 positron emission tomography, [101]
and histochemical platforms.[84] Our group also employed the H,0,-dependent oxidation of
a-keto acids to benzoic acid for hyperpolarized 13C NMR imaging of peroxide,[102] and
Nagano and co-workers developed a benzil trigger that undergoes a Baeyer-Villiger-type
reaction to form benzoic anhydride, which undergoes a subsequent hydrolysis to a benzoic
acid upon reaction with H,0,.[103]

ABS approaches can be tailored to achieve specificity for other ROS. For example, for the
detection of hypochlorous acid (HOCI), Nagano and co-workers have leveraged HOCI-
dependent spirolactam thiol oxidation to create HySOx and related fluorescent probes by
modulating the open and closed forms of fluorescent rhodamines (Table 1).[104. 1051 |_jy and
Wu reported related work on selenium oxidation,[106] which led to a number of fluorescent
probes based on selenium and tellurium oxidation.[197. 108] The oxidation of p-
methoxyphenol and related aryl ethers by HOCI was exploited by the Nagano[19®! and
Yang(11% groups to create benzoquinone-responsive colorimetric and fluorescent indicators.
Deoximation reactions were utilized by Tan and co-workers for the ratiometric fluorescence
imaging of HOCI,[111] while Yang and co-workers used a related reaction for cleavage of
diamino-maleonitrile.l122] The Pu group exploited the HOCI-mediated oxidation of
phenothiazine to induce nanoparticle degradation for the generation of ratiometric
acoustogenic sensors.l113] Nagano and co-workers utilized the cycloaddition of singlet
oxygen (10,) and 9,10-dimethylanthracene to modulate the fluorescent on/off states of
fluorescein (Table 1)[114] The Tang group reported a related oxidative 1,4-cycloaddition of
histidine and 10, (Table 2).[113] Shabat and co-workers described an innovative enol-ether
oxidation to create a chemiluminescent dioxetane product.[126] The Koide group has
reported a unique ABS method for the detection of ozone (O3) through the reaction of O3
with olefins to form molozonide and a resulting aldehyde, which then undergoes a -
elimination to yield a fluorescent compound.[117]

In the area of RNS detection, building on the vicinal diamine motifs for aerobic NO
oxidation,[®5] the Shear and Anslyn groups reported an A-nitrosoaniline oxidation that
undergoes a reaction cascade after exposure to NO to yield a fluorescent diazene ring
system. This is a clever example of utilizing a reactive analyte for the in situ synthesis of a
fluorophore in living systems (Table 2).[118] Ma and co-workers also reported a
selenolactone ring-opening oxidation upon formation of a Se—NO bond, which they used to
create fluorescent probes for the detection of NO.[11%] The Yang group developed a versatile
ABS method for the detection of ONOO™ by the oxidation of anisole-activated ketones to
dioxiranes.[120] Second-generation trifluoroketone triggers undergo ONOO™-induced N-
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dearylation reactions with improved selectivity and sensitivity.[121] Lippert and co-workers
developed a general isatin-based oxidative decarbonylation reaction to selectively detect
ONOO™ using 19F MRI (Table 1).[222] Finally, several ABS methods have been reported for
the detection of nitroxyl (HNO; Table 2). Chan and co-workers developed a thiol
sulfenamide ABS trigger that is converted in the presence of HNO into an N-
hydroxysulfenamide, which undergoes an intramolecular cyclization to yield the free
reporter molecule.[123] The reaction between HNO and phosphines, based on the Staudinger
ligation reaction pioneered by Bertozzi and Saxon for bio-orthogonal chemistry[124] and
expanded by the Hackenberger group and others,[125: 126] has also been exploited for the
development of fluorescent and chemiluminescent ABS by the Linl®l and Lippert[127]
groups, respectively.

Xian and co-workers developed a selective sulfane-sulfur (composed of persulfide,
polysulfide, and elemental sulfur) induced benzodithiolone formation from a
mercaptobenzoic acid in live cells (Table 2).[128] The same group detected hydrogen
polysulfides (H»S ) by utilizing 2-fluoro-5-nitrobenzoic esters as the trigger, which
undergoes a similar benzodithiolone formation.[12°]

4.2. Reductive Organic Reactions

Reductive reactions are underexplored compared to their oxidative counterparts, but still
constitute an important type of reactivity that can be leveraged for the selective detection of
biological analytes (Table 3). The H,S-mediated reduction of azides to amines has emerged
as a useful reaction for the development of ABS probes and benefits from the privileged
nature of organic azides as bio-orthogonal groups in chemical biology!1% as well as the
facile installation of azides onto amine scaffolds.[1%: 1301 Qur group[!31] and Wang and co-
workers[132] published the first reports of azide-based fluorescent probes for H,S reduction.
We reported Sulfidefluors 1 and 2 (SF1/SF2),[131] where H,S transforms azide-derivatized
rhodamines into the parent rhodamine dyes with high specificity over other biological thiols
as a result of the smaller size and higher acidity of H,S (pKj; = 7) compared with common
thiols such as cysteine/glutathione (pK; = 8-9). In parallel, Wang and co-workers reported a
dansy! azide analogue for the detection of H,S,[132] with a 2,6-dansy! azide structural isomer
showing improved solubility and sensitivity.[133] We expanded the SF family to bisazido
derivatives to lower the background signal, and added ester trapping groups to increase cell
permeability and retention;[134] similar derivatives were reported by Sun and co-workers.
[135] |ndeed, H,S-mediated azide reduction has been applied to a diverse array of
fluorophore scaffolds[® 191 including coumarin,[136-138] fluorescein,[134] rhodol,[139. 140]
BODIPY,[141. 142] and 1,8-naphthalimidel143] dye classes, which are commonly utilized for
cellular imaging, as well as 2-(2-aminophenyl)benzothiazole,[144]
dicyanomethylenedihydrofuran,[145] and resorufaminel14¢] platforms. In addition, NIR and
two-photon H,S imaging can be achieved using dicyanomethylene-4 A4-chromenel147. 148]
and tetraphenylethene, (2491 with ratiometric behavior displayed in some cases. Chemi-[150]
and bioluminescent[>1] azide probes have also been reported, which circumvent potential
issues of off-target photoactivation of azides with a high light intensity. In addition to the
reduction of azides, Montoya and Pluth developed the H,S-mediated reduction of nitro
groups to amines as a complementary ABS method to create H»S sensors.[143] Owing to the
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potential sensitivity of the nitro functional group towards endogenous reductases in cells,
appropriate controls must be employed to confirm that H,S production is responsible for the
signal changes.

Glutathione (GSH) is a major redox buffer in cells and can reduce disulfide bonds.[152]
Exploiting this native chemical reactivity, Pires and Chmielewski created an innovative
disulfide trigger to yield nucleophilic sulfhydryl groups.[*53] Juxtaposition of the sulfhydryl
groups with carbamate bonds causes intramolecular breakdown to yield free anilines, which
the authors applied to create fluorescent rhodamine products. These probes can detect
changes in GSH levels in cells.

A final example from Tang and co-workers for the detection of the rare amino acid
selenocysteine utilized a benzeneselenadiazol reduction to cleave a pair of Se—N bonds to
yield a vicinal diamine, which they applied to modulate the fluorescence of a hemicyanine
dye for detection in living cells.[154]

4.3. Redox-Neutral Organic Reactions

Redox-neutral transformations constitute a major fraction of ABS methods for a broad range
of analytes (Tables 4-7). Most of these methods exploit nucleophile-electrophile reactions to
elicit a signal change. A leading example of a redox-neutral organic reaction is the detection
of fluoride through the fluoride-mediated deprotection of silyl alcohols (Table 4). Yoon and
co-workers have reviewed this work extensively;[155] most probes rely on the selective
cleavage of Si—X (X = C, N, O) bonds by fluoride to modulate fluorescent scaffolds.

[156, 1571 Flyoride detection with these methods is compatible with living organisms and
selective over other nucleophiles. Other common nucleophilic anions such as cyanide,
derived from hydrogen cyanide (HCN), can be sensed with the fluorescent spiropyran probes
developed by Shiraishi et al. In this case, the spirocarbon atom serves as an electrophile for
CN~— in an amino-cyanohydrin reaction.[!58] Although the probe is selective to a number of
biological nucleophiles, it was not evaluated in living systems. Sessler and co-workers
reported 1-methylenepyyrolidinium electrophiles for HCN. These had similar selectivity
profiles and were capable of probing changes in HCN concentrations in the mitochondria of
living cells.[159]

Interestingly, many redox-neutral ABS methods have been developed to detect redox-active
analytes, most commonly by exploiting analyte nucleophilicity. An early non-oxidative
H,0, ABS method was developed by Miyamoto and co-workers based on a nucleophilic
aromatic substitution (SyAr) mechanism, where H,O5 reacts with a
pentafluorobenzenesulfonyl trigger to unmask fluorophores (Table 5).[160]

In parallel, several types of redox-neutral reactions have been applied to sense nucleophilic
reducing molecules such as H,S. Zhao, He, and co-workers utilized an innovative tandem
1,4-conjugate addition of H»S to an aldehyde to form a hemithioacetal.[161] Selectivity is
achieved by the juxtaposition of an a,B-unsaturated acrylate methyl ester and aldehyde to
form a stable thioacetal product, a sequence which does not occur for other reactive sulfur
species (RSS). Another creative ABS approach by Xian and co-workers to determine H,S
exploits the dual reactivity of H,S to cleave disulfide[162] and ester[163] electrophiles,
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thereby allowing triggers based on thioester reactions to be incorporated onto fluorescent
scaffolds for high selectivity. Likewise, He and co-workers explored the SyAr reaction of
2,4-dinitrophenyl (DNP) triggers to sense H,S, although DNP can have potential cross-
reactivity with other RSS and related nucleophiles (Table 5).[164 1651 |n a similar manner,
SNAT reactions of nitrobenzofurans,[166] 7-nitrobenz-2-oxa-1,3-diazole,[167]
phenanthroimidazole,[168] cyanine, 1691 and nitro triggerslX7% 1711 have been explored.

The redox-neutral reactions developed by the Xian group for the detection of H,S, utilized a
2-fluoro-5-nitrobenozic ester trigger (Table 6).[172] Selectivity for H,S,, was achieved by
introducing bis-electrophilic groups (the fluorobenzoic ester and a fluorescent scaffold) that
will only cleave if two nucleophilic residues are present in the biological analyte. The group
also discovered that the high nucleophilicity of H,S,, enabled selective ring-opening
reactions of aziridines over other nucleophilic analytes, which they utilized to manipulate
twisted intramolecular charge-transfer properties to create fluorescent probes.[173] Chang
and co-workers developed an ABS trigger for sulfite based on the intramolecular cyclization

of levulinate and subsequent uncaging of the phenol, although the reaction was not tested in
cells.[174]

Redox-neutral ABS methods for GSH were developed by Yang and co-workers through
thiol-halogen nucleophilic aromatic substitution on fluorescent BODIPY scaffolds (Table 5).
[175] The probe is compatible with living cells and is selective for cysteine and homocysteine
thiol nucleophiles, which undergo an intramolecular S—N rearrangement to produce
products with distinct photophysical properties. Wang and co-workers reported a reversible
Michael addition reaction for the detection of GSH by modulating the a,p-substituents of an
unsaturated acrylate;[176] this strategy has since been expanded to coumarins!177: 1781 and
silicon rhodamines.[179] Zhang et al. utilized GSH cleavage of a sulfamide functional group
to create a ratiometric GSH sensor,[18% expanding on work by the Urano,[281] Kim,[182] and
Yin[183] groups. Fang and co-workers utilized a nucleophilic aromatic substitution of 2,4-
dinitrobenzenesulfonyl chloride to detect selenocysteine, thereby achieving a > 100-fold
selectivity over thiols by adjusting the electron density of the probe.[184]

Recent ABS methods have also targeted the detection of electrophilic species in biological
systems, such as electrophilic reactive carbon species (RCS; Table 7). For example, Spiegel
and co-workers utilized a methyl-modified diaminobenzene-BODIPY probe for imaging
methylglyoxal (MGO).[185] Despite the common use of vicinal phenylenediamine groups in
NO sensing, the unique formation of quinoxalines through the reactivity of MGO was
sufficient to achieve selective detection in live cells.

Our groupl!88] and Chan’s group(187] concomitantly reported the first ABS probes for
formaldehyde (FA) based on the aza-Cope rearrangement (Table 7). Formaldehyde Probe 1
(FAP-1) from our studies[18¢] contains an appended aza-Cope trigger to favor a closed
lactone form of a silicon rhodamine that would rearrange to an open form upon aza-Cope
reaction and aqueous hydrolysis. This reaction offers a prime example of ABS detection, as
many potential aldehydes can bind the homoallyl trigger in a reversible manner, but only FA
can achieve ABS through the aza-Cope reaction. The broad utility of such ABS reactivity
was demonstrated with a second-generation trigger involving geminal dimethyl groups to

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2020 November 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bruemmer et al.

Page 11

increase the rate of the aza-Cope rearrangement through the Thorpe—Ingold effect; this
produced FA probes with ratiometric readouts[188] and an expanded color palette.[18°]
Moreover, this aza-Cope cage has enabled ABS of FA by positron emission tomography
(PET)[190] and chemiluminescencel®1l in live animals. Parallel efforts by Lin and co-
workers led to the development of a notable suite of formiminel192] and aminall193] ABS
probes to sense FA in living cells and animals by electronic modulation of fluorescent
scaffolds.[’]

A final class of redox-neutral transformations are electron-transfer processes that involve
reversible cycling between oxidation and reduction steps (Table 7). Our group reported
Redoxfluor-1 (RF1), which has an embedded dithiol/disulfide switch coupled with
aromatization to monitor reversible oxidation-reduction cycles in cells.[194] Miller et al. have
developed molecular wire constructs as a general approach to optical voltage sensing with
small molecules, where changes in the membrane voltage alters the photo-induced electron
transfer within a donor—acceptor pair that inserts into cellular membranes. Voltagefluors
2.1.Cl and 2.4.Cl (VF2.1.CI/VF2.4.Cl) were the first-generation ABS sensors for voltage
imaging in living cells by this design strategy.[1%5] From this starting point, a broad family of
voltage sensors have been created with various excitation/emission profiles.[196-202] Thjs
approach has enabled the tuning of molecular wires from styryl to fluorene,[293] targeting of
cells by bio-orthogonal labeling,[294] esterase cleavage,[2%%] or light activation,20¢] as well
as quantitative voltage measurements by fluorescence lifetime imaging microscopy (FLIM).
[207] The New group has exploited flavins as bioderived reversible redox switches, which
can monitor dynamic fluxes of oxidation and reduction events in cells.[208] Innovative work
using redox-sensitive small molecules coupled to sensor platforms led to nicotinimidium-
coupled MRI contrast agents,[299] as well as naphthalimide,[21%] subcellular-targetable,[211]
and ratiometric[?12] fluorescent scaffold-coupled flavin redox sensors.

4.4. Inorganic and Organometallic Reactions

Inorganic and organometallic methods for ABS offer unique opportunities to incorporate a
broader and more complex range of reactions by expanding the number of chemical
elements employed. Such metal-mediated ABS reactions can be classified into two main
types: the utilization of metals with biocompatible sensor moieties (Tables 8 and 9) or direct
ABS sensing of the biological metals themselves (Tables 10 and 11). These methods
combine BBS approaches, often inspired by supramolecular chemistry and bioinorganic
chemistry, to create versatile tools to exploit redox chemistry, which is inherently rich in
inorganic and organometallic systems. We refer the reader to a more detailed review on the
use of inorganic chemistry principles for ABS[23] and provide a selected subset of examples
here.

A variety of inorganic and organometallic reactions have been employed to detect various
biological analytes, but the most common approach is to utilize a metal bound to a
fluorophore as a fluorescent quencher, which can be released upon reaction with a small-
molecule analyte (Table 8). Lippard and co-workers pioneered an early example for the
direct and sensitive detection of NO by using Cu''-dependent metal displacement with NO-
induced fluorophore nitrosylation;[219] this was later expanded to piperazine spacer ligands
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for ratiometric fluorescence detection in living cellsl?13] as well as ruthenium-porphyrin-
coordinated fluorophores.[214] Copper-based displacement methods have also been
employed for sensing HNO, as reviewed previously.[?15] In addition, Chang and co-workers
utilized copper displacement from fluorescein functionalized with a DPA (DPA =
dipicolylamine) ligand for H,S sensing;[216] later work by the Nagano group utilized more
stable Cu-cyclen adductst217] for the precipitation of copper sulfide. HCN was detected by a
similar Cu!' decomplexation in living cells by Kim and co-workers.[218] The Hamachi group
showed that phosphate anions could be detected through ratiometric fluorescence sensing
through coordination to a zinc binding site.[21%] Metal redox processes have also been
exploited for ABS of small-molecule analytes. For example, Kodera and co-workers utilized
the H,0,-mediated uncaging of resorufin fluorescent scaffolds of iron complexes.[220]
Magnetic resonance imaging (MRI) probes from the Que group utilized H,O,-mediated
cobalt oxidation, with detection shown through magnetic anisotropy changes in the 1°F
signal,[221] while Au-Yeung and co-workers have developed copper-fluorophore ABS probes
for superoxide.[222]

On the organometallic front, our group developed Carbon Monoxide Probe 1 (COP-1),
which utilizes a palladium-mediated carbonylation reaction to selectively detect carbon
monoxide (CO) by release of a Pd quencher from a fluorophore with concomitant C—C
bond formation (Table 9).[2231 As many diatomic compounds of similar size exist in
biological systems (e.g. O,, NO), this ABS approach has proved general for expansion to
benzimidazole,[224] Nile Red,[225-227] carbazole-coumarin,[228] and Raman spectroscopy
nanosensors.[229] Finally, Michel and co-workers have reported an innovative approach for
the selective and sensitive fluorescence detection of ethylene in plant and mammalian cells
by olefin metathesis using a Hoveyda—-Grubbs catalyst[23%] which promises to be a useful
way to detect this essential signaling molecule.

ABS methods can also be employed for metal detection, as illustrated by the diversity of
reactions for tracking physiologically relevant metals as well as heavy noble and coinage
metals used for technological purposes and that are potential environmental contaminants
(Tables 10 and 11). An early reaction of a metal-directed ABS detection of copper was
developed by Taki et al.,[231 232] who used a bio-inspired tris(2-pyridyl)methylamine (TPA)
receptor based on synthetic models of bio-inorganic copper sites that can uncage phenols of
imaging scaffolds with Cu'- and O,-dependent cleavage of a benzyl ether bond (Table 10).
This work has inspired other probe scaffolds that rely on biomimetic, metaland O,-
dependent cleavage processes for metal detection. For example, we adapted this trigger to
develop Copper Caged Luciferin-1 (CCL-1), a probe that enables whole-animal imaging of
copper pools in vivo. Our group also devised Cobalt Probe 1 (CP1) through a related
oxidative cleavage reaction, using an N3O receptor for live-cell Co!' imaging;[233] this was
further elaborated for bioluminescence imaging.[234] We also developed a first-generation
probe, Iron Probe 1 (IP1), for labile Fe!' imaging. This probe can visualize changes in labile
iron pools with a trispyridine carboxylate receptor for iron activity.[235]

Other ABS methods for iron detection have been developed (Table 10).[236] Hirayama,
Nagasawa et al. have developed a versatile A-oxide reduction switch that is selectively
reduced to the amine by Fe!l. Starting from the first-generation probe RhoNox-1,[237]
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multicolor imaging has been achieved using coumarin,[238] rhodol,[238: 2391 and silicon
rhodaminel238] derivatives as well as organelle-targeted detection of labile Fe!! pools.[240]
Wang and co-workers developed an Fe!-mediated cyclization reaction to modulate the
fluorescence of coumarin dyes in living cells.[241] Our group as well as the Renslo group
have designed endoperoxide-based probes inspired by antimalarial drugs such as
artemisinin. These probes undergo an Fe!!-dependent cleavage reaction to create a suite of
ABS reagents for the detection of labile iron pools, including histochemical,[242] ratiometric,
[243] hioluminescent,[244] and PET probes.[245] Lippard and co-workers exploited a dual
ABS/BBS approach by combining the Lewis acidity of zinc to hydrolyze an ester group to
unveil a free polypyridine receptor with a concomitant fluorescent turn-on response upon
subsequent zinc binding.[246] Chan and co-workers utilized the Cu'!-dependent cleavage of
picolinic esters for the photoacoustic detection of copper.[247]

Heavy noble and coinage metals are also amenable to ABS detection (Table 11). For
example, mercury-promoted desulfurization of cyanine dyes has been developed by Tian and
co-workers, although such probes were not utilized in living systems.[248] Tang et al. utilized
a mercury-selective deselenation reaction to uncage fluorescein for detection in living cells.
[249] A similar approach for modulating the fluorescein spirocyclization of a selenolactone
was utilized by Shin, Yoon, and co-workers.[250] The Koide group has exploited classic
Tsuji—Trost allylic oxidative insertion reactions to deprotect allyl-protected fluorescent
scaffolds, thereby enabling the detection of palladium and platinum in various oxidation
states.[251] Aromatic Claisen rearrangements can also be exploited for the same purpose.[252]
Pang and co-workers reported a Pd!!-mediated benzoxazole cyclization to form a fluorescent
product!?53] and Mahapatra et al. reported a Cd!'-mediated thioacetal desulfurization for the
detection of these heavy metals, but neither of these triggers was examined in living systems.
[254] On the coinage metal side, Ahn and co-workers utilized a vinylgold intermediate to
form formyloxazole products to detect Au' and Au'!".[25%] In a related study, Tae and co-
workers reported the Au''-promoted cyclization of aryl amides and alkynes to form
acylsemicarbazides, a reaction that can operate in cells.[256] Ahn and co-workers also
developed a similar method for the detection of silver through a Ag'-promoted ring opening
of alkyl iodides to form oxazolines.[257]

5. Activity-Based Sensing for Imaging Applications

ABS methods are broadly applicable to a variety of imaging platforms, largely as a result of
the separation of the analyte-sensing modality from the sensing platform. In this section, we
highlight select examples of ABS methods utilized for more in-depth biological
investigations to help decipher signaling and/or stress contributions of a given biological
analyte. The following selected examples, spanning many different types of imaging
modalities, showcase the power of this chemical method for biological discovery.

5.1. Fluorescence Imaging

The vast majority of ABS methods utilize fluorescence readouts to establish the sensitivity
and selectivity of a given chemical reaction trigger toward a biological analyte of interest.
Indeed, the availability of fluorescence imaging systems and the ability of dyes to be tuned
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for excitation/emission color, subcellular to tissue-level localization, and changes in
fluorescence intensity, wavelength, and/or lifetime offer a diverse set of chemical tools for
biological inquiry. We provide select examples of where fluorescence ABS probes have
revealed new biological principles (Figure 3) and refer readers to other leading reviews for
fluorescence-based ABS detection of small molecules!?1] and metals[!8: 2581 jn living
systems.

In terms of oxidative reactions, our group as well as Tonks and co-workers utilized boronate-
based H,0, probes to reveal several principles of physiological H,O, signaling. Examples
include the discovery of specific aquaporin water channel isoforms that have additional
functions as peroxide channels to regulate intracellular ROS levels under stimulatory
conditions,[25%1 H,0,-dependent neural stem cell proliferation and neurodegenesis, 6] and
H,0,-induced cell senescence pathways through transient inhibition of the phosphatase
PTP1B[260] (Figure 3a). The reductive azide-based Hy,S ABS probe SF7-AM was used to
monitor H,O»-dependent H,S production through stimulation of the vascular endothelial
growth factor (VEGF; Figure 3b).[134] Redox-neutral ABS probes such as the MGO
fluorescent probe (MB0)[18%] from Spiegel and co-workers have been employed to
interrogate MGO signaling of the transcriptional coactivator yes-associated protein (YAP)
that regulates tumor growth (Figure 3c).[261] Additionally, Patel and co-workers applied the
formaldehyde indicator FAP-1[186] to discover that specific intracellular folate metabolites
such as tetrahydrofolate, but not others, spontaneously decompose to release FA to regulate
one-carbon metabolism in the cell (Figure 3d).[262] A prime example of ABS probes for
metal detection was reported by Tzounopoulos, Lippard, and co-workers, who utilized the
fluorescent zinc probe DA-ZP1[246] to discover that endogenous zinc inhibits a.-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) subtype glutamate receptors to tune
neurotransmission and modulate the signaling of these receptors (Figure 3e).[263]
Additionally, application of iron probe 1 (FIP-1)[243] by Wang and co-workers led to the
discovery that cyclic adenosine monophosphate (cAMP) regulates gene transcription by
modulating cellular labile Fe!' pools (Figure 3f).[264]

5.2. Luminescence and Whole-Animal Imaging

As complementary tools to fluorophores that are commonly employed for in vitro, cell,
tissue, and zebrafish imaging, bioluminescence and chemiluminescence reagents enable in
vivo imaging in living animals. Luminescence imaging also exhibits minimal background
fluorescence, since the light emission is generated by decomposition of chemically excited
luminescent scaffolds. Recent reviews highlight the growing palette of ABS methods for
luminescence imaging.[265-267]

For example, the Shabat and Dvir groups utilized a boronate chemiluminescent probe to
evaluate immune responses of mice to autologous, xenogeneic, and allogeneic implants,[268]
and joint work between us and the Shabat group showed that in vivo metabolism of folate
can produce FA[®H (Figure 4a). Zhang and co-workers utilized their bioluminescent probe
BP-PN to monitor in vivo ONOO™ levels generated from LPS-induced inflammation stress
in tissues (Figure 4b).[269] In a joint study between us and the Stahl group, the CCL-1
reagent was utilized to probe the status of labile Cu' pools in a diet-induced mouse model of
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non-alcoholic fatty liver disease (NAFLD, Figure 4c).[232] By applying our bioluminescent
Fe!l reporter ICL-1, Skaar and co-workers identified significant increases in the iron-
dependent luminescent signal in mice infected with A. baumannii (Figure 4d).[244]

5.3. Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is one of the most commonly used medical imaging
platforms, and analyte-responsive MRI contrast agents have been extensively reviewed.
[271,272] As the field has primarily focused on BBS approaches for modulating MRI signals,
opportunities for developing ABS methods for MRI are plentiful. In this context, a unique
feature of ABS probes using this particular imaging modality is the ability to modulate
signal intensity based on the chemical shift of a specific single atom on a given chemical
scaffold, thereby allowing for a more diverse set of chemical reaction triggers to be created
and explored. Additionally, one ABS probe may be utilized for the selective, in parallel,
detection of multiple analytes that result in differing chemical shifts of the reporter atom. A
prominent example comes from hyperpolarized MRI using a 13C-labeled analogue of the
natural metabolite pyruvate, which can be utilized to trace metabolic pathways through
conversion of pyruvate into a variety of well-defined downstream products273-2731 (Figure
5a). Recent work from McMahon and Zhou utilized 1°F NMR spectroscopy of a labeled
furan-malononitrile conjugated to a Michael acceptor that modulates the chemical shift of a

fluorine atom upon reaction with biological cysteine, homocysteine, and GSH. (Figure 5b).
[276]

Despite advances in ABS methods that operate in the MRI modality, there has been
relatively limited use of such reagents in vivo. A classic example showcasing the power of
MR detection for in vivo imaging is work by Meade, Fraser, and co-workers on gene
expression using a B-galactosidase-responsive MRI contrast agent (Figure 5c).[277]
Likewise, Wilson, Keshari, Kurhanewicz, and co-workers have exploited a hyperpolarized
13C-dehydroascorbate probe as a redox sensor for in vivo metabolic imaging of the elevated
oxidation status in a transgenic prostate cancer mouse modell278] (Figure 5d). These and
other studies provide a starting point for the application of ABS probes for biological MRI
studies.

5.4. Photoacoustic Imaging

Photoacoustic imaging is emerging as an exciting new direction in the ABS field. This
modality relies on the detection of sound generated from the absorption of light by
chromophores that undergo relaxation energy loss in the form of heat and result in thermal
expansion of biological tissue.[280. 2811 Commonly used ultrasound detectors can be applied
for detection, and the small interference of sound waves compared to light waves from
biological tissue scattering allows visualization of analyte regulation in living animals. The
design criteria for achieving high photoacoustic signal intensities are complementary and
inverse to fluorescence/luminescence signals, where the former seeks to promote high yields
of nonradiative decay and heat from excited states rather than light emission. As such, one
can envision designing a “turn-on” response of the photoacoustic signal by leveraging a
“turn-off” response of the fluorescence/luminescence and vice versa. Photoacoustic probes
using existing ABS methods have been developed for Cu'!,[2471 NO,[282] hypoxia,[283] H,S,
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[284] and fluoride.[285] As this area is still in its infancy and imaging instrumentation is less
available compared to fluorescent counterparts, in vivo studies with photoacoustic ABS
remain rare. A prime example comes from Chan and co-workers, who developed APNO-5, a
NO-responsive photoacoustic probe that operates by N-nitrosation of an A-methylaniline
reaction-based trigger, and showed endogenous NO generation in vivo with inflammation
induced by LPS (Figure 6).1282] This work sets the stage for further application of
acoustogenic reporters for cell, tissue, and animal imaging.

5.5. Positron Emission Tomography Imaging

Positron emission tomography (PET) is another modality that is widely used in medical
imaging and adaptable to ABS methods. ABS methods applied to the PET modality must
circumvent inherent challenges in radiochemical synthesis and application, as well as the
need to accumulate sufficient amounts of a tracer in a specific location to achieve a
measurable signal. However, since radiolabels can also be directly applied to the analyte
itself or upstream/downstream metabolites in addition to the ABS trigger or associated
moiety, many opportunities are available to expand PET detection by ABS. For example, our
group, in collaboration with the Wilson group, has developed Peroxy Caged
Fluorothymidine 1 (PC-[18F]-FLT-1), a boronate-based PET probe that cages the clinically
employed tracer [18F]-fluorothymidine (18F-FLT). Accumulation of this tracer in
proliferating cells can only occur upon H,O»-induced deprotection of the boronate cage
(Figure 7a).[101] We expanded PET ABS to in vivo imaging through the development of
Formaldehyde Caged Fluorodeoxyglucose 1 (FAC-[18F]-FDG-1), which masks the
canonical PET tracer [18F]-fluorodeoxyglucose 1 to enable monitoring FA in cells as well as
in a PC3 xenograft model of prostate cancer (Figure 7b).[286] Other ROS-responsive PET
tracers have been reported by the groups of Wilson and Valliant.[287. 288] Renslo, Evans, and
co-workers created PET probes for tracking labile iron pools in living animals, which
revealed systemic changes in labile iron disposition in mice and in vivo imaging of
spontaneous tumors arising in a genetically engineered model of prostate cancer driven by
loss of the phosphatase and tensin homologue (PTEN; Figure 7c).[243] This area of ABS is
ripe for further investigation owing to the widespread use of PET imaging in research and
clinical settings.

6. Activity-Based Sensing Beyond Imaging

The high molecular selectivity afforded by ABS methods can also be leveraged to make
functional small molecules, proteins, polymers, and other materials that respond to
endogenous stimuli in living systems. In this section, we highlight progress and
opportunities for expanding ABS approaches beyond imaging. Emphasis is placed on
therapeutic applications, where selective ABS reactions can enable the development of drugs
with greater specificity and/or efficacy, often by releasing an active agent at a localized site
of action. To illustrate how a single, robust ABS reaction method can be utilized in a diverse
array of potential therapeutic applications, we will focus this discussion on examples using
the HoO»-mediated transformation of boronates to phenols as a privileged ABS reaction,
which has also been discussed more generally in two recent reviews.[291. 2921 W refer
readers to reviews by Sessler, Kang, Kim, and co-workers on the development of ABS
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prodrugs for RSS, ROS, and enzymes that are upregulated in cancer,[293] and by Gu and co-
workers on platforms that exploit selective H,O reactivity for biomedical applications,[294]
as well a recent example from Renslo and co-workers on prodrugs for infectious diseases
that exploits the Fe!l-mediated cleavage of endoperoxides to deliver therapeutics specifically
at sites of elevated iron.[290]

In early work on prodrug strategies that exploit ABS methods, Franz and co-workers,[29°]
along with the Guo group,[2%! exploited H,0,-dependent boronate oxidation to develop
prochelators that can combat metal-catalyzed oxidative stress and damage by selectively
uncaging free chelators only in situations with elevated ROS levels (Figure 8, yellow
Prochelators section). Initial work by Franz and co-workers made use of prochelators to
block Fenton reactions by quenching both ROS and redox-active iron.[29%] Next-generation
boronate-based prochelators for iron provided significant cytoprotection against oxidative
damage,[297] prevented metal-dependent amyloid aggregation,[298] and captured metals in a
peroxide-dependent manner with concomitant fluorescent reporting.[29°] More recently,
Franz, Thiele, and co-workers reported a H,O,-responsive prochelator that unmasks upon
the generation of ROS in activated macrophages, and then complexes copper to elicit fungal
killing.[300]

In addition to chelators, caged enzyme inhibitors can also be developed using ABS
approaches (Figure 8, blue Prodrugs section). For example, Major Jourden and Cohen
applied the boronate cage to create matrix metalloproteinase (MMP) prodrugs that release
MMP inhibitors selectively in the presence of hydrogen peroxide,[39] which has potential to
neutralize both damaging ROS and inhibit degradative MMPs in situations such as ischemia-
repurfusion injury. Wang and co-workers developed boronate-caged belinostat, an inhibitor
of histone deacetylases, which allowed for improved biocompatibility and reduction of
tumor volume.[302]

ABS approaches have also been employed with other types of prodrug platforms, such as
creating caged analyte donors (Figure 8, purple Caged Small Molecules section). Zhao and
Pluth have reported a variety of peroxide-responsive H,S/COS donors using boronate cages.
A first-generation reagent, PeroxyTCM, was the first H,O»-triggered H,S donor engineered
to release carbonyl sulfide (COS) upon oxidative activation. The COS subsequently
generates H,S and provides protection against oxidative damage induced by H,0, in cells.
[303] |_jkewise, the Matson group utilized caged boronate-caged persulfide donors for related
purposes, which led to the sustained release of the persulfide of A-acetylcysteine (NAC) in
cell culture models.[304]

In addition to small-molecule prodrug systems, ABS methods can be employed for activity-
based drug delivery using macromolecular scaffolds (Figure 8, green Caged Materials
section). In one early example, Fréchet and co-workers reported a boronate-capped dextran
carrier micro-particle system that releases its payload in response to elevations of H,Oo,
which they applied for testing vaccine efficacy.[30%] Likewise, the Murthy group targeted
ROS more generally and developed an orally delivered thioketal nanoparticle loaded with
siRNA for detection of TNF-a as an oxidation-sensitive carrier to target inflammation in
vivo.[398] As a complement to these drug delivery materials, Zhang and co-workers
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developed materials-based therapeutics that directly quench ROS to serve as antioxidants
and anti-inflammatory therapeutics.[307]

Finally, ABS approaches to biologics have also been demonstrated (Figure 8, orange Caged
Proteins section). For example, Raines and co-workers created a H,O,-responsive masked
protein conjugate for angiogen, a ribonuclease compromised in amyotrophic lateral
sclerosis, that cleaves and activates enzyme activity under oxidative stress but does not
contribute to increased cell proliferation.[308]

7. Conclusions and Future Prospects

ABS offers a versatile approach to leverage the power of synthetic methods development to
enable biological studies. Chemoselective host—guest complexes that form the basis of
supramolecular chemistry have laid the foundations for the development of a diverse array of
sensor systems spanning BBS approaches that rely on molecular recognition and lock- and-
key binding to ABS methods that exploit the intrinsic differences in chemical reactivity
among molecules to distinguish between them in complex biological settings. Early ABS
work focused on manipulating chemical structure and intermolecular interactions to create
selectivity for binding analytes, particularly reactive metal ions and small molecules, in
solution. Further efforts to create more selective recognition moieties that are compatible
with living biological environments has greatly expanded the utility of these tools and tactics
to address important questions at the interface of chemistry and biology. Indeed, a growing
number of ABS methods are available for the highly sensitive and selective detection of a
wide range of analytes, and current efforts in the development of ABS probes have expanded
from sensing and imaging to creating new therapeutics and bioresponsive materials.

Against this backdrop, many opportunities await further exploration in the ABS field.
Fundamental synthetic advances to improve the sensitivity and selectivity for key biological
analytes, as well as opening a new space to investigate underexplored analytes, will have a
lasting impact in the field. One limitation of the vast majority of ABS probes is that, unlike
many of their binding-based counterparts, the reactions employed for detection are often
irreversible and consume the analyte of interest. Although low doses of probe are generally
employed for minimal perturbation, creating reversible ABS reaction methods through
analyte regeneration is a promising area for development to improve the sensitivity and bio-
orthogonal nature of ABS probes. Innovative reports on ABS probes with analyte
regeneration and/or signal amplification include sensors for heavy metals,[39% fluoride,[310]
H,05,13111 H,S [312] and FA.[313] \We refer readers to recent reviews on self-immolative
linkers to improve ABS reactivity beyond stoichiometric reactions314! and self-immolative
polymers to create new ABS-responsive materials.[31°]

Beyond reaction development, the versatility of ABS allows expansion from high-resource
research in laboratory and clinical settings to low-resource field applications, thereby
enabling broader, public use. Phillips and co-workers developed paper-based microfluidic
devices for ABS, where oxidation of a boronate by H,O5 cleaves a hydrophaobic detection
reagent that is deposited into defined regions of the microfluidic conduits prior to
assembling the devices to generate hydrophilic by-products, thus allowing the sample to
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wick through the device and wet a detection region in an analyte concentration-dependent
manner.[316] Lippert and co-workers also developed innovative methods for
chemiluminescent smartphone imaging of the H,O,-mediated conversion of an oxalate to
form a chemiluminescent 1,2-dioxetanedione.[317]

Finally, the outgrowth of ABS approaches from detection and imaging to diagnostics and
therapeutics applications has parallels with the advent of activity-based protein
profiling[318-322] (ABPP) by Cravatt and other leading scientists in the field of chemical
biology. This field has undergone a paradigm shift in how proteins are studied in living
systems by focusing not only on a protein’s expression level, but on its chemical activity. At
the core of this technology is new bioconjugation chemistry to “sense” amino acids that are
hyperreactive within native proteomes through bond-forming ligation reactions, which can
identify hotspots for protein function and therapeutic intervention.[323-3291 A landmark
approach in the field is the development of a chemoproteomic platform for the identification
of hyperreactive cysteine residues by isotopic Tandem Orthogonal Proteolysis—Activity-
Based Protein Profiling (isoTOP-ABPP).[330] Building upon extensive work in the ABPP
field on cysteine, 331 332] |ysine, [333. 334] and serinel33%] detection, we and others have been
pursuing bioconjugation strategies of other native amino acids, including methionine,
[336-338] hjstidine,[33% tyrosine,[340-342] and tryptophan.[343] For example, our group and the
Toste group have co-developed a new ABS method for methionine bioconjugation termed
Redox-Activated Chemical Tagging (ReACT), where we exploit the native redox properties
of the oxidation of methionine to methionine sulfoxide to develop oxaziridine reagents that
perform the isoelectronic nitrene transfer reaction to generate a sulfimide adduct.[336] Gaunt
and co-workers developed a complementary approach by probing the nucleophilicity of
methionine with a hypervalent iodine reagent.[337] Further synthetic developments are sure
to advance the continuum between ABS and ABPP. These foregoing discussions and future
prospects highlight ABS as a powerful chemical approach for deciphering biology, with
opportunities to impact basic chemistry and biology as well as translation to modern
imaging, diagnostics, and drug discovery and development.
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Historical origins of activity-based sensing (ABS). Key advances in the development of the
field of ABS stemming from the evolution of fundamental supramolecular host—guest
chemistry of crown ethers, cryptands, and spherands to BBS of calcium and other metal
ions. Likewise, the advent of chemodosimeters led to the concept of ABS, where the
development of synthetic methods can be leveraged in a retrosynthetic manner to cage and
uncage fluorescent dyes and other molecular imaging agents for the detection of biological
analytes by using them for selective protection-deprotection chemistry.
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a) General scheme for analyte detection using ABS.
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(b) Retrosynthetic approach to ABS probe design
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The analyte binds to a reactive moiety

covalently or noncovalently, thereby Initiating a subsequent reaction to modulate sensing
with an imaging modality. b) ABS probes may be designed by linking a reporter motif to a
moiety which is sensitive to the chemical reactivity of the analyte. ¢) A workflow approach

to the design of ABS probes.
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Select examples of fluorescence ABS probes for biological discovery. a) Boronate-based
H,0, probes such as Peroxy Green 1 (PG1), Peroxy Yellow 1 Methyl Ester (PY1-ME), and
Peroxyfluor-6 Acetoxymethyl Ester (PF6-AM) Identify endogenous, NADPH oxidase
derived H,0, fluxes generated upon stimulation of growth factors, 831 specific aquaporin
channels that mediate membrane H,0 transport,[25] and the physiological importance of
H,0, signaling in neural stem cell proliferation and neurogenesis pathways as well as
oncogene-induced cell senescence.[269] b) The azide-based H,S probe Sulfidefluor-7
Acetoxymethyl Ester (SF7-AM) reveals crosstalk between oxidative H,O, and reductive
H,S signals generated with growth factor stimulation.[134] ¢) The diamine-based MGO
probe MBo detects methylglyoxal (MG) fluxes (blue fluorescence) that trigger the central
transcription factor YAP to translocate to the nucleus (red fluorescence).[261] d) The aza-
Cope formaldehyde (FA) indicator Formaldehyde Probe 1 (FAP-1) provides supporting
evidence that specific folate derivatives in the folate cycle are metabolic sources of this one-
carbon unit.[262] ) The combined activity/binding-based zinc indicator Diacetyl Zinpyr-1
(DA-ZP1) reveals intracellular attenuation of labile Zn!' pools upon sound stimulation[263]
(R = (2-aminoethyl)triphenylphosphonium). f) The endoperoxide-based fluorescent probe
FRET Iron Probe 1 (FIP-1) identifies dynamic elevations in labile Fe!! pools for epigenetic
regulation upon activation with the second messenger cyclic AMP (cAMP).[264]

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2020 November 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

(+)LPS

()LPS (+)LPS

Q\‘.’ ad v

B,

5
° o. ot
Probe 2a { i O Q, ;‘K

S

NC”eN

Bruemmer et al. Page 35
/

e
N, )
CN

L AR
@ ©  CFAP700

(a)
HO,

(c)

Figure 4.
Select examples of luminescent ABS probes for biological discovery. a) Chemiluminescent

probes based on Schaap’s dioxetane can sense in vivo H>O5 production triggered by
LPS[270] a5 well as formaldehyde by tetrahydrofolate (THF) consumption.[191 b) The
bioluminescent probe BP-PN was used to visualize endogenous ONOQO™ production
triggered by liposaccharide (LPS) inflammation.[26% ¢) The TPA-based probe Copper Caged
Luciferin 1 (CCL-1) revealed an early labile Cu' deficiency localized to the liver in a diet-
induced model of non-alcoholic fatty liver disease (NAFLD), showing more copper
accumulation in the liver in mice fed a normal diet (ND) relative to mice fed a high-fat diet
(HFD).[232] d) The endoperoxide probe Iron Caged Luciferin 1 (ICL-1) revealed elevations
in labile Fe!' pools upon bacterial infection, correlating increases in labile Fe!' with sites of
higher pathogen burden.[244]
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Figure 5.
Select examples of magnetic resonance ABS probes for biological discovery. a)

[1-13C]pyruvate for the NMR detection of an alteration In the lactate dehydrogenase (LDH)
expression in tumors. Observation of increased conversion of [1-13C]pyruvate to
[1-13C]lactate in tumors using 3D spectral arrays from differing 13C chemical shifts.[274] b)
Furan-malononitrile probe for the NMR detection of biological thiols. Michael addition of
thiol to the acrylamide results in differing 19F chemical shifts for cysteine, homocysteine,
and glutathione detection.[276] ¢) MRI contrast agent EgadMe for the NMR detection of
gene expression in zebrafish. The NMR signal from Gd3* is altered upon galactopyranose
cleavage in the presence of marker gene coding for B-galactosidase.l277] d) NMR redox
detection through differing 13C chemical shifts of dehydroascorbate (DHA) and vitamin C
(VitC) reveals an altered redox state in prostate tumors.[278]
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Figure 6.

Photoacoustic detection of endogenous NO generated upon liposaccharide (LPS)
inflammation in a living mouse by APNO-5.[282]
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Representative PET ABS probes. a) Exogenous H,0, visualized in endothelial cells with
PC-FLT.[101] b) FAC-FDG-1 visualization of FA in a living mouse.[289] ¢) Visualization of
iron accumulation in a prostate cancer model by 18F-TRX (SV = seminal vesicle, Mu. =
hindlimb muscle, Pr. = whole prostate).[2%0]
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Figure 8.
Selected examples of ABS approaches to prodrugs and related therapeutics through a

common privileged reaction motif. The HoO»-mediated transformation of boronates to
phenols was applied to various classes of therapeutics including prodrug activation, caged
analyte donors, prochelator coordination, protein conjugate activation, and responsive
materials.
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