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CONSPECTUS: Chemiluminescence is a fascinating phenomenon that evolved in nature and has been harnessed by chemists in
diverse ways to improve life. This Account tells the story of our research group’s efforts to formulate and manifest spiroadamantane
1,2-dioxetanes with triggerable chemiluminescence for imaging and monitoring important reactive analytes in living cells, animals,
and human clinical samples. Analytes like reactive sulfur, oxygen and nitrogen species, as well as pH and hypoxia can be indicators of
cellular function or dysfunction and are often implicated in the causes and effects of disease. We begin with a foundation in binding-
based and activity-based fluorescence imaging that has provided transformative tools for understanding biological systems. The
intense light sources required for fluorescence excitation, however, introduce autofluorescence and light scattering that reduces
sensitivity and complicates in vivo imaging. Our work and the work of our collaborators were the first to demonstrate that
spiroadamantane 1,2-dioxetanes had sufficient brightness and biological compatibility for in vivo imaging of enzyme activity and
reactive analytes like hydrogen sulfide (H2S) inside of living mice. This launched an era of renewed interest in 1,2-dioxetanes that
has resulted in a plethora of new chemiluminescence imaging agents developed by groups around the world. Our own research group
focused its efforts on reactive sulfur, oxygen, and nitrogen species, pH, and hypoxia, resulting in a large family of bright
chemiluminescent 1,2-dioxetanes validated for cell monitoring and in vivo imaging. These chemiluminescent probes feature low
background and high sensitivity that have been proven quite useful for studying signaling, for example, the generation of
peroxynitrite (ONOO−) in cellular models of immune function and phagocytosis. This high sensitivity has also enabled real-time
quantitative reporting of oxygen-dependent enzyme activity and hypoxia in living cells and tumor xenograft models. We reported
some of the first ratiometric chemiluminescent 1,2-dioxetane systems for imaging pH and have introduced a powerful kinetics-based
approach for quantification of reactive species like azanone (nitroxyl, HNO) and enzyme activity in living cells. These tools have
been applied to untangle complex signaling pathways of peroxynitrite production in radiation therapy and as substrates in a split
esterase system to provide an enzyme/substrate pair to rival luciferase/luciferin. Furthermore, we have pushed chemiluminescence
toward commercialization and clinical translation by demonstrating the ability to monitor airway hydrogen peroxide in the exhaled
breath of asthma patients using transiently produced chemiluminescent 1,2-dioxetanedione intermediates. This body of work shows
the powerful possibilities that can emerge when working at the interface of light and chemistry, and we hope that it will inspire future
scientists to seek out ever brighter and more illuminating ideas.
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probe is demonstrated to be able to image small molecule
analytes in vivo in live mice for the f irst time.

• Cao, J.; An, W.; Reeves, A. G.; Lippert, A. R. A
Chemiluminescent Probe for Cellular Peroxynitrite
Using a Self-Immolative Oxidative Decarbonylation
Reaction. Chem. Sci. 2018, 9, 2552−2558.2 An
enhancer-f ree 1,2-dioxetane-based chemiluminescent probe
is used for direct detection of peroxynitrite generated in cells.

• An, W.; Ryan, L. S.; Reeves, A. G.; Bruemmer, K. J.;
Mouhaffel, M.; Gerberich, J. L.; Winters, A.; Mason, R.
P.; Lippert, A. R. A Chemiluminescent Probe for HNO
Quantification and Real-time Monitoring in Living Cells.
Angew. Chem., Int. Ed. 2019, 58, 1361−1365.3 A kinetics-
based method is formulated and implemented for
quantif ication of small molecules based on kinetic response
of a triggerable chemiluminescent probe.

• Ryan, L. S.; Gerberich, J.; Haris, U.; Nguyen, D.; Mason,
R. P.; Lippert, A. R. Ratiometric pH Imaging Using a
1,2-Dioxetane Chemiluminescence Resonance Energy
Transfer Sensor in Live Animals. ACS Sens. 2020, 5,
2925−2932.4 A single-molecule energy transfer chemilumi-
nescent probe is investigated and used for ratiometric
quantif ication of pH with demonstrated viability in living
mice.

1. INTRODUCTION
Molecular imaging in living cells and animals provides a
powerful approach to illuminate complex chemical processes
that underlie biological phenomena. Binding-based and
activity-based imaging have emerged as two dominant
approaches for molecular imaging.5−7 Binding-based imaging
relies on linking supramolecular recognition units to
fluorophores such that fluorescence emission is modulated,

usually based on a photoinduced electron or energy transfer
(PeT or PET, respectively) quenching mechanism.8 Activity-
based or reaction-based sensing relies on making or breaking
covalent bonds to modulate a response, often mediated by a
self-immolative linker design.9 These approaches have been
widely applied to study cellular signaling of metal ions and
cellular parameters including calcium,10 zinc,11,12 magnesi-
um,13 potassium,14 copper,15 iron,16 pH,17 chloride,18,19 and
voltage.20 Reactive sulfur, oxygen, and nitrogen (RSON)
species are a class of signaling molecules that can rapidly
diffuse and whose signaling properties rely on their chemical
reactivity. Due to this reactive nature, reaction-based
approaches are ideally poised to study these molecules.21,22

These species rapidly interact with each other to form a super
family of signaling molecules and aberrant species referred to
as the reactive species interactome.23 Fluorescent probe
strategies have been implemented for reactive oxygen species
like hydrogen peroxide (H2O2) and peroxynitrite
(ONOO−),22,24−26 reactive nitrogen species like nitric oxide
(NO) and azanone (nitroxyl, HNO),22,27 reactive sulfur
species like hydrogen sulfide (H2S) and polysulfides (RSnH/
RSnR),

21,22,28−30 reactive carbon species like formaldehyde
(CH2O) and carbon monoxide (CO),31,32 and oxygen (O2)/
hypoxia.33 Given the complexity of their interactions, dual-
responsive probes that react with multiple species are being
explored as an enticing solution to this problem.34,35 While
promising, fluorescence-based methods inherently suffer from
light scattering and autofluorescence, which pose some
limitations on sensitivity and whole animal imaging.
Chemiluminescence is now emerging as a powerful

molecular imaging approach to address these limitations.
This area has exploded recently due to demonstrations of in
vivo compatibility1,36 and the advent of innovative chem-

Scheme 1. CIEEL Mechanism for Analyte-Triggered Chemiluminescence of 1,2-Dioxetanes

Figure 1. Chemiluminescent 1,2-dioxetane probes developed by our laboratory for the detection of biological analytes.
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iluminescent 1,2-dioxetane designs by Shabat and co-work-
ers.37,38 Triggered emission from spiroadamantane 1,2-
dioxetanes was first developed by Schaap and co-workers,39−41

and these dioxetanes found commercial application for in vitro
research purposes. The mechanism of chemiluminescence
emission has been extensively studied, but it is still
incompletely understood.42 It is thought to proceed via a
chemically initiated electron exchange luminescence (CIEEL)
mechanism with a solvent-cage back electron transfer step as
evidenced by a viscosity dependence on the luminescence
emission intensity (Scheme 1).43,44 An odd/even effect on the
position of the dioxetane has been observed, although the root
cause of this effect remains to be completely elucidated.45,46

We direct the reader to other excellent recent review
articles47−49 for expanded current and historical perspectives.
This Account will focus on research from our own laboratory
on the use of chemiluminescent dioxetanes for imaging RSON
species, pH, and hypoxia in living organisms, with an emphasis
on quantitative methods and application in mammalian cell
culture and in vivo mouse models. This work has resulted in a
diverse family of bright chemiluminescent 1,2-dioxetanes
(Figure 1).

2. REACTION-BASED APPROACHES FOR STUDYING
REACTIVE SULFUR, OXYGEN, AND NITROGEN
SPECIES

Reaction-based probes are increasingly being used as sensitive
imaging agents for small molecules which are fleeting in nature
and similar in shape and size, with reactive species like
hydrogen sulfide (H2S), peroxynitrite (ONOO

−), and azanone
(HNO) being prime examples. Our laboratory has been
interested in exploiting the specific reactivity of such
biologically active small molecules to develop reactivity-based
responsive reporters that do not depend on noncovalent
binding of substrates.
One such class of reaction-based fluorescent probes was the

azide-based SF series of probes for direct, endogenous, real-

time detection of H2S,
50 a reactive small molecule with wide-

ranging roles in mammalian physiology.51−54 In response to
H2S, the fluorophore is unmasked and fluorescence turn-on is
observed. SF7-AM,55 the cell-trappable variant in the SF series
(Figure 2A), was shown to detect endogenous H2S production
in human umbilical vein endothelial cells (HUVECs) when
stimulated with vascular endothelial growth factor (VEGF).
The study also employed SF7-AM to investigate enzymatic
pathways that lead to VEGF-triggered H2S production.
Treatment of VEGF-dosed HUVECs with inhibitors for
cystathionine γ-lyase (CSE), VEGF Receptor 2 (VEGFR2),
and H2O2-generating NADPH-oxidase (Nox), led to decreased
SF7-AM turn-on, thus establishing the dependence of VEGF-
stimulated H2S generation on CSE, VEGFR2, and Nox-derived
H2O2 (Figure 3).
Following this blueprint, our group capitalized on expertise

in chemoselective reaction design56 and began its exploration
of sensors to detect small molecules, particularly RSON and
carbon species. To observe generation of acetaldehyde from
ethanol and alcohol dehydrogenase in lung epithelial cells, we
designed reaction-based probe acetaldehydefluor-1 (AF1),57

utilizing a condensation reaction between reactive carbonyls
and a hydrazinyl naphthalimide based scaffold with quenched
fluorescence to induce fluorescence turn-on (Figure 2B). For
direct detection of the biological oxidant peroxynitrite
(ONOO−)58 we developed a magnetic resonance probe
leveraging a newly discovered ONOO− promoted oxidative
decarbonylation reaction of fluoroisatin α-ketocarbonyls
(Figure 2C).59 Formation of the fluoroanthranilic acid product
was monitored using 19F NMR spectroscopy. Though these
techniques enabled direct imaging/detection of acetaldehyde
and peroxynitrite in cells, we still aspired to develop a more
sensitive and dynamic imaging system that could report on
analyte fluxes from within tissue and even in whole animals.

Figure 2. Reaction-based fluorescence and magnetic resonance probes for reactive species. (A) SF Series of probes for fluorescence imaging of H2S.
Adapted with permission from ref 50. Copyright 2013 American Chemical Society. (B) AF1 for fluorescence imaging of acetaldehyde. Adapted
with permission from ref 57. Copyright 2017 The Royal Society of Chemistry. (C) 5-Fluoroisatin for 19F NMR detection of ONOO−. Adapted
with permission from ref 59. Copyright 2014 The Royal Society of Chemistry.

Accounts of Chemical Research pubs.acs.org/accounts Article

https://doi.org/10.1021/acs.accounts.1c00185
Acc. Chem. Res. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/10.1021/acs.accounts.1c00185?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.1c00185?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.1c00185?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.1c00185?fig=fig2&ref=pdf
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.1c00185?rel=cite-as&ref=PDF&jav=VoR


3. ESTABLISHING CHEMILUMINESCENT
1,2-DIOXETANES FOR IN VIVO IMAGING

Excited state emitters for chemiluminescence are generated via
a chemical reaction as opposed to light excitation for
fluorescence.42 Therefore, chemiluminescence imaging is not
as impeded by autofluorescence and light scattering,
significantly improving sensitivity of this imaging method
over fluorescence imaging and affording higher tissue
penetration and imaging depth. Since chemiluminescence
outputs transient light emission, signal can be detected as it is
generated, enabling dynamic imaging and interception of
transient species. Despite these obvious advantages, there was
great uncertainty about the compatibility of triggerable 1,2-
dioxetanes with living systems. Would these compounds be
bright enough to be observable through living tissue? Could
they generate enough flux upon reaction with small molecule
analytes? Would living animals tolerate these compounds
physiologically?
In an important study by Liu and Mason in 2010,36

spiroadamantane 1,2-dioxetanes were first shown to be viable
as in vivo reporters of enzymatic activity in live mice. A
commercially available Galacto-Light Plus microplate-based
chemiluminescence assay (Figure 4A) was adapted for in vivo
use to image β-galactosidase enzymatic activity in transgenic
mice growing LacZ tumors for overexpression of β-
galactosidase. The components of this packaged assay, a 1,2-
dioxetane with a β-D-galacto pyranoside trigger (Galacton
Plus) and Emerald enhancer were administered via intravenous
and intratumor injection in live mice growing LacZ tumors.
Chemiluminescence light emission was observed within 10 s of
injection using an IVIS Spectrum light detection instrument,
and up to 10-fold differences in emission intensity were
observed between LacZ tumors and wildtype tumors. These
studies demonstrated two key points. First, light emission from
spiroadamantane 1,2-dioxetanes was sufficient for noninvasive
in vivo imaging through animal tissue and second, high-

turnover enzymatic reactions could be observed using these
probes.
Inspired by this demonstration of sensitive in vivo

chemiluminescence imaging, we sought to explore whether
spiroadamantane 1,2-dioxetanes could be used with reaction-
based approaches for imaging small molecule reactive analytes
in living animals. We designed reaction-based first-generation
chemiluminescent H2S probes CHS-1, -2, and -3 for in vivo
detection of H2S.

1 A para-azidobenzyl carbonate trigger
attached to a sterically stabilized spiroadamantane 1,2-
dioxetane results in light emission upon H2S-mediated azide
reduction and consequent self-immolative cleavage to the
excited state phenolate. A comparative study of emission
response between CHS-1, -2, and -3, differing in structure by
the substituent (H, F, or Cl) ortho to the phenolate, showed
that emission intensity at pH 7.4 increases with phenol acidity:
the chloro-substituted CHS-3 showed highest turn-on
response under physiological conditions. CHS-3 with the

Figure 3. SF7-AM was used to monitor VEGF-induced H2S
production in HUVEC cells. Adapted with permission from ref 55.
Copyright 2011 United States National Academy of Sciences.

Figure 4. Probes demonstrated as in vivo chemiluminescence imaging
agents. (A) Commercially available Galacto-Light Plus chemilumi-
nescence assay adapted for imaging β-galactosidase enzymatic activity
in mice. (B) Chemiluminescence H2S imaging in live mice using
CHS-3. Adapted with permission from ref 1. Copyright 2015 The
Royal Society of Chemistry.
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Emerald II enhancer was able to detect differences in H2S in
A549 lung epithelial cells produced in response to addition of
homocysteine, a substrate for H2S-generating enzyme
cystathionine γ-lyase (CSE), and propargylglycine, a CSE
inhibitor. Most significantly, we established that chemilumi-
nescent 1,2-dioxetane based probes could be used for in vivo
detection of small molecules such as hydrogen sulfide; CHS-3
exhibited a four times stronger chemiluminescent response
when injected into the intraperitoneal cavity of live mice with
H2S donor sodium sulfide (Na2S) as compared to a vehicle
control (Figure 4B). This was the first demonstration that
reactive species could be imaged in vivo using 1,2-dioxetane
probes.
Following successful in vivo chemiluminescence imaging

using CHS-3, we focused on designing a chemiluminescent
probe that could report on tissue oxygenation in living
animals.60 Tumor tissue is characteristically hypoxic owing to
its irregular vasculature, and imaging this hypoxia in the tumor
microenvironment can provide insight about tumor growth,
metastasis, and response to therapy.33 We based our hypoxia
chemiluminescent (HyCL) probes on oxygen-dependent
enzymatic reduction of a nitroaromatic trigger, with the aim
of developing an inexpensive tumor imaging method. Though
HyCL-1 and HyCL-2 both showed a sensitive dose-dependent
response to nitroreductase, HyCL-2, which incorporates an
ether linkage between the 1,2-dioxetane scaffold and the para-
nitrobenzyl trigger, was determined to have lower background

emission and higher selectivity than the carbonate-linked
HyCL-1 (Figure 5A). We conducted studies to establish that
HyCL-2 can image different oxygen levels in vitro in aerated,
oxygenated, and deoxygenated buffers and further demon-
strated its ability to image tumor oxygenation in vivo in
transgenic mice grafted with human lung tumors. Intratumoral
injection of HyCL-2 with enhancer in mice when inhaling air
containing 21% oxygen resulted in higher chemiluminescence
emission than when switched to 100% oxygen, showing that
HyCL-2 can report on tissue oxygenation levels in vivo (Figure
5B).

4. OPENING A GATEWAY TO ENHANCER FREE
IMAGING

Although the 1,2-dioxetane chemiluminescent probes dis-
cussed thus far provided us with vital information on their use
in biological systems, efficient imaging with these probes relied
on the use of polymeric enhancer solutions to prevent
luminescence quenching and to enable red-shifted emission.
Our laboratory had been exploring energy transfer approaches
to overcome this obstacle and had synthesized constructs such
as a through-bond energy transfer cassette. During our ongoing
work, however, an exciting development in the field of 1,2-
dioxetane-based chemiluminescent probes was reported by
Green, Eilon, Hananya, Shabat, and co-workers.37,38 They
found that a relatively simple modification of the phenol-
benzoate ring with an electron-withdrawing methyl acrylate or

Figure 5. Hypoxia imaging in tumor xenograft models with HyCL-2. (A) Comparison of the carbonate-linked HyCL-1 to the ether linked HyCL-2
reveals significant reduction in background signal. (B) Imaging hypoxia in tumor xenograft models using HyCL-2 while mice breathed 21% or
100% oxygen. Adapted with permission from ref 60. Copyright 2016 American Chemical Society.

Figure 6. Substitution of an acrylonitrile group dramatically increases the chemiluminescence quantum yield of spiroadamantane 1,2-dioxetanes.
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acrylonitrile group ortho to the phenol led to large increases in
chemiluminescence quantum yield under aqueous conditions
(Figure 6). Moreover, a red-shifted chemiluminescence
emission was attained, making these structures more relevant
for biological applications. This work paved the way for further
development of analyte-specific direct chemiluminescent
probes and certainly enriched the efforts from our own
laboratory.
In 2018, our laboratory reported a reaction-based chem-

iluminescent probe, PNCL, for direct cellular detection of
peroxynitrite (ONOO−).2 Armed with knowledge from our
earlier work on an 19F magnetic resonance probe for ONOO−,
we envisioned attaching an isatin moiety as a reaction handle
to a 1,2-dioxetane chemiluminescent scaffold to leverage the
peroxynitrite-mediated oxidative decarbonylation reaction and
induce chemiluminescence. Studies performed in vitro revealed
the ability of PNCL to monitor ONOO−

fluxes over time, to
demonstrate dose dependence, and to selectively detect
ONOO− over a multitude of biological relevant cations,
RSON species and radical byproducts. Most importantly,
PNCL showed low toxicity in living cells and detected
ONOO− generated by donor compounds like SIN-1 across
multiple cell lines, as well as ONOO− produced by
macrophages stimulated by lipopolysaccharide (LPS) (Figure
7). This study demonstrated that PNCL could serve as a
promising tool to identify ONOO− in both chemical and
biological systems without addition of signal enhancer.

5. QUANTIFICATION USING CHEMILUMINESCENT
1,2-DIOXETANES

Following sustained success with small molecule chemilumi-
nescence imaging in living systems, we turned our attention to
precise quantification of these analytes, which can be
challenging due to experimental fluctuations. Ratiometric
imaging,61 wherein emission intensity at multiple wavelengths
is monitored, offered a solution. Ratiometric responses are less
sensitive to experimental variables and thus allow a more
accurate quantification of analytes important in health and
disease such as pH.62,63 While fluorescent ratiometric probes
for pH imaging are well-known,64−67 their chemiluminescent
1,2-dioxetane counterparts are quite rare.
Our initial strategy involved inducing an energy transfer

cascade between chemiluminescence emission from a
spiroadamantane 1,2-dioxetane and a pH sensitive dye, carboxy
SNARF-1 via a Sapphire II or Emerald II enhancer (Scheme
2).68 Carboxy SNARF-1 exhibits pH dependent emissions at
585 and 650 nm, the relative intensities being determined by
the ratio of the protonated and deprotonated forms,
respectively. The peak at 650 nm was found to increase
more rapidly with an increase in pH due to increased
concentration of the deprotonated form. A ratiometric pH
dependent plot could thus be generated by plotting the ratio of
emission intensities at 650 and 585 nm, depicting a greater
than 5-fold increase in chemiluminescence signal in response
to pH over a range of 6−10. We conducted additional studies
to show that this ratiometric pH quantification could be
achieved in complex biological medium such as fetal bovine
serum and established this system to be compatible with IVIS
Spectrum imaging when using 580 and 640 nm filters.

Figure 7. Interrogating cellular immune response with PNCL. Treatment of RAW 264.7 macrophages with lipopolysaccharide (LPS) induces
phagosome formation and iNOS-dependent formation of ONOO−. Adapted with permission from ref 2. Copyright 2018 The Royal Society of
Chemistry.
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Having successfully demonstrated ratiometric pH quantifi-
cation using the principle of energy transfer between multiple
components, we focused on probes that could be more viable
for in vivo applications. In 2020, we reported Ratio-pHCL-1, a
single molecule ratiometric chemiluminescence resonance
energy transfer (CRET) sensor for in vivo pH imaging (Figure
8).4 Here, we conjugated an acrylate modified spiroadaman-
tane 1,2-dioxetane moiety to a pH sensitive carbofluorescein
dye via a piperazine linker. Upon being subjected to aqueous
pH buffers, energy transfer from the chemiluminescent
phenolate (λem = 530 nm) to the carbofluorescein (λem =
580 nm) occurs, with the latter peak increasing more rapidly
with pH due to increased concentration of the ring-opened
carbofluorescein, allowing for ratiometric measurements
(Figure 8A). Ratio-pHCL-1 provided consistent measurements
of pH over a biologically relevant range of 6.8−8.4, and the
ratiometric response was independent of most common
confounding variables. Interestingly, placing a 2.8 mm thick
slice of bologna over the reaction well-plate did not hamper the
ratiometric response, providing strong evidence of signal tissue
penetration. Intraperitoneal injections in live mice with Ratio-
pHCL-1 generated flux outputs of more than 108−109
photons/s (Figure 8B), and as with in vitro experiments an
increase in flux ratio with increasing pH was observed in vivo
(Figure 8C).
While ratiometric approaches have been well-validated for

the quantification of metal ions using probes with rapid rates of
binding69,70 or in a reaction-based approach with fast forward
and reverse equilibrium reactions,71−73 applying this approach
to small molecule reactive analytes and enzymes faces steep
obstacles. To be useful for quantification, reaction-based
ratiometric approaches must use a fast and reversible reaction
to ensure equilibration of the starting material and product.
Given these challenges, we have introduced an alternative to
ratiometric imaging that we refer to as a kinetics-based
approach that capitalizes on the high sensitivity of
chemiluminescence to enable quantification by accurate
modeling of the probe kinetics. This approach is analogous
to how quantification is achieved using analyte-selective
electrodes,74 and its application to reaction-based probes is
very much underexplored.

To investigate a kinetics-based small molecule quantification
approach via chemiluminescence, we devised the probe
HNOCL-1 for detection of azanone (nitroxyl, HNO),3 a
reactive nitrogen species that has been shown to reduce pain in
animal models and can potentially be used for treatment of
congestive heart failure.75 HNOCL-1 contains a triarylphos-
phine trigger which forms an intermediate azaylide and
decomposes to generate chemiluminescence in response to
HNO (Figure 9). HNOCL-1 showed high selectivity, a dose-
dependent response, and up to 833-fold turn-on when
interrogated with the HNO donor, Angeli’s salt. With emphasis
on quantification, we carried out kinetic modeling and derived
a rate expression in terms of the phenol concentration (Figure
9A) with two rate constants: k1, the observed second order rate
constant of the probe, and k3, the rate of chemiluminescent
decomposition of the dioxetane. These rate constants were
measured and the derived equation for concentration was used
to successfully convert the raw chemiluminescence data into
actual picomolar HNO concentrations produced from the
reaction of H2S with nitric oxide (Figure 9B, C). Furthermore,
we demonstrated that HNOCL-1 can track real-time HNO
production from both Angeli’s salt and the reduction chemistry
between the NO donor DEA NONOate and Na2S in live cells,
with negligible cellular toxicity up to 100 mM HNOCL-1.
Finally, HNO imaging in live mice was achieved via
intraperitoneal injection of the probe and Angeli’s salt. We
believe that this work, in principle, can be applied to any

Scheme 2. Ratiometric Chemiluminescence pH Imaging
Using Chemiluminescence Energy Transfer to Carboxy
SNARF-1

Figure 8. Ratiometric chemiluminescence imaging of pH in live mice
using Ratio-pHCL-1. (A) Structure and chemiluminescence sensing
mechanism of Ratio-pHCL-1. (B) Chemiluminescence images of
Ratio-pHCL-1 after intraperitoneal injection into mice using 580 and
540 nm filters. (C) Ratio of the photon flux of the images in (B).
Adapted with permission from ref 4. Copyright 2020 American
Chemical Society.
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reactive species if careful considerations of kinetics and
calibrations are performed.
Another example of kinetics-based quantification from our

laboratory builds on our earlier work with chemiluminescent
hypoxia probes. We designed HyCL-3 and HyCL-4-AM with
nitrobenzyl triggers attached to a 1,2-dioxetane scaffold via
ether linkage, HyCL-4-AM, containing an acetomethoxy ester,
and HyCL-3 with an acrylonitrile group (Figure 10).76 While
both probes displayed high selectivity for oxygen-dependent
enzymatic reduction of the nitroaromatic group, the better
cellular uptake of HyCL-4-AM resulted in enhanced sensitivity
to nitroreductase (NTR) and in appropriate mammalian
hypoxia models. HyCL-4-AM was able to distinguish between
hypoxic (1% O2) and normoxic (20% O2) conditions in living
A549 cells (Figure 10 B, C) and a kinetic model was devised
based on cellular data, which fit well using two rate constants:
k1, which determines the cellular uptake and ester cleavage, and
k2 which is limited by the nitroaromatic reduction and
consequently is sensitive to O2 levels (Figure 10A). After
devising this model for kinetic quantification, we used HyCL-
4-AM to image and kinetically quantify hypoxia in tumor
xenograft models as well as to measure differences between
hypoxic tumors and healthy oxygenated tissues in vivo (Figure
10D), demonstrating its applicability for tumor imaging.

6. BIOLOGICAL MEASUREMENTS AND
APPLICATIONS

In addition to developing chemiluminescent probes for
reactive species and analytes, a significant motivation of our
laboratory has been to establish the efficacy of both
chemiluminescent and fluorescent probes for studying bio-
logical interactions and to develop diagnostic procedures and
devices for human studies.
In a collaborative study with the Haimotz-Friedman group,

we used PNCL to study peroxynitrite levels in cells to elucidate
the effects of radiation on oxidative stress levels and the role of
phosphodiesterase-5 inhibitor sildenafil, i.e., Viagra, in reducing
this oxidative stress (Figure 11).77 Our results shed light on the
vascular aspects of postradiotherapy erectile dysfunction and
supported previous work which showed that sildenafil helps to
preserve erectile function in prostate cancer patients under-
going radiotherapy.78−80

We also developed chemiluminescent reporter Chemilum-
CM to complement a BS2 split-esterase system for monitoring
cellular protein−protein interactions (Figure 12A).81 The
ester-masked probe generated chemiluminescence response

Figure 9. Kinetics-based quantification of HNO. (A) Structure and
mechanism of HNO detection with HNOCL-1. The rate equation
gives the concentration of HNO in terms of [1], which is proportional
to the chemiluminescence emission intensity. (B) Chemilumines-
cence emission intensity from HNO formed by the reaction of H2S
with nitric oxide produced from DEA NONOate (DN). (C)
Conversion of the data in (B) into [HNO] using the derived
equation. Adapted with permission from ref 3. Copyright 2019 Wiley-
VCH GmbH, Weinheim.

Figure 10. Kinetics-based hypoxia imaging with HyCL-4-AM. (A)
Structure of HyCL-4-AM and model for cellular hypoxia sensing. (B,
C) Kinetic fitting of the luminescence of HyCL-4-AM in A549 cells
under (B) 20% O2 and (C) 1% O2. (D) Comparison of HyCL-4-AM
response in mice using an intramuscular (IM) injection, intratumoral
(IT) injection at 16% O2, or intratumoral (IT) injection at 100% O2.
Adapted with permission from ref 76. Copyright 2019 American
Chemical Society.
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upon rapamycin-induced assembly of the esterase within cells,
showing increasing chemiluminescence with increasing rapa-
mycin concentration and incubation time (Figure 12B).

7. IN HUMAN AND CLINICAL STUDIES
An important thrust of our laboratory’s efforts has been toward
translating triggered chemiluminescence into clinical and
commercial applications. In one such venture, we developed
a point-of-care diagnostic chemiluminescent assay for monitor-
ing airway H2O2, consisting of a 1,2-dioxetanedione mediated
peroxyoxalate chemiluminescence system, a smartphone
camera, and a home-built dark-box (Figure 13A, B).82 H2O2
levels in exhaled breath condensate (EBC) samples from
human volunteers determined using this platform were found
to be in close agreement with the commercial Amplex Red
assay. In collaboration with the start-up company BioLum
Sciences LLC, we recently evolved our chemiluminescent
airway H2O2 quantification platform into the BioSense 2.0
Laboratory module, a stand-alone photon detection device
consisting of a photodiode, a 3D-printed adapter for disposable
cuvettes, and a Bluetooth 4.0 data transmission module
(Figure 13A, C).83 Using this device, we studied the
relationship between airway H2O2 and asthma in EBC samples
from 60 adults. Our results agreed with earlier literature
showing trends of higher H2O2 in asthma patients as compared
to nonasthmatic patients.

We have also used the fluorescent probe Sulfidefluor-4 to
quantify H2S levels in saliva samples from college students
during exam periods to determine relationships between
academic stress and salivary H2S over time.84 Our studies
revealed an increase in H2S levels over periods of sustained
stress and established a correlation of this increase with NO
levels, experience of stress, and negative affect.

8. PHOTOACTIVATABLE CHEMILUMINESCENCE
In a newer direction, our laboratory has recently explored
photoactivatable chemiluminescence. We designed UVC454
and UVA454 with ortho-nitrobenzyl protecting groups that are
removed upon ultraviolet irradiation, allowing irreversible
photochemical uncaging of the chemiluminescent phenolate
even in water.85 Spiro-CL, on the other hand, interconverts
between its stable spiropyran form and the metastable
merocyanine form upon UV or visible light irradiation (Figure
14). The metastable open form can undergo CIEEL and emit
light, thus representing the first example of photoswitchable
chemiluminescence, which could have applications for targeted
in vivo imaging and photoactivable volumetric 3D displays.86,87

9. CONCLUSIONS
In this Account, we have documented our research group’s
development of chemiluminescent 1,2-dioxetanes as triggerable
biological imaging probes, specifically for analyzing oxygen,
pH, and RSON species (Table 1). Our work helped establish
the feasibility of using spiroadamantane 1,2-dioxetanes in vivo
and demonstrated their use in investigating biological signaling
pathways that involve H2S, hypoxia, and peroxynitrite. To

Figure 11. Measuring ONOO− in bovine aortic endothelial cells in
response to radiation therapy. (A) Pathway of ONOO− production in
radiation therapy and inhibition with sildenafil. (B) Luminescence
response from PNCL in cells treated with vehicle control (Control),
sildenafil (Sil 5 μM), radiation (10Gy), and radiation and sildenafil
(10Gy + Sil 5 μM). Adapted with permission from ref 77. Copyright
2019 Elsevier.

Figure 12. Application of triggered chemiluminescence in a split-
esterase system. (A) Chemilum-CM chemiluminescence can be
activated by rapamycin-mediated split esterase assembly. (B)
Chemiluminescence emission from Chemilum-CM in cells with or
without rapamycin. Adapted with permission from ref 81. Copyright
2019 American Chemical Society.
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move toward precise quantification, our group showed the first
examples of ratiometric imaging using chemiluminescent 1,2-
dioxetanes, including a CRET probe for in vivo ratiometric pH
imaging. We have also pioneered a new approach for

quantitative measurement of reactive species, which we call a
kinetics-based approach. Whereas a ratiometric approach
achieves quantification by analyses of equilibrium, a kinetics-
based approach achieves quantification by careful analysis of

Figure 13. Chemiluminescence measurement of H2O2 in human exhaled breath condensate. (A) Peroxyoxalate chemiluminescence assay for H2O2
detection. (B) A smartphone was integrated to a wooden crafted dark box. Measurements in human exhaled breath condensate were validated
versus the fluorescent Amplex Red assay. Adapted with permission from ref 82. Copyright 2016 Elsevier. (C) The BioSense 2.0 Laboratory Module
was used to measure H2O2 concentrations in asthma patients and healthy volunteers in the John Peter Smith Hospital.83 Adapted with permission
from ref 83. Copyright 2020 American Chemical Society.

Figure 14. Photoswitchable chemiluminescent 1,2-dioxetane Spiro-CL.

Table 1. Chemiluminescent 1,2-Dioxetane Probes for Detection of Biological Analytes

probe analyte enhancer λem (nm) expt studies quantification

CHS-1 H2S Emerald II 545 in vitro
CHS-2 H2S Emerald II 545 in vitro
CHS-3 H2S Emerald II 545 in vitro, in cells, in vivo
dioxetane + SNARF pH Sapphire II, Emerald II 460, 585, 650 in vitro ratiometric
HNOCL-1 HNO 525 in vitro, in cells, in vivo kinetics-based
HyCL-1 O2 Emerald II 455, 545 in vitro
HyCL-2 O2 Emerald II 455, 545 in vitro, in vivo
HyCL-3 O2 525 in vitro
HyCL-4-AM O2 516 in vitro, in cells, in vivo kinetics-based
PNCL ONOO− 525 in cells
Ratio-pHCL-1 pH 530, 580 in vitro, in vivo ratiometric
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reaction rates and mechanisms to deduce analyte concen-
trations from signal dynamics. This kinetics-based approach
was successfully used to quantify HNO concentrations in real-
time and provide a quantitative measure of oxygen-dependent
enzyme activity in living cells. Finally, we have executed
industrial and clinical collaborations to translate chemilumi-
nescence technologies for point-of-care measurement of H2O2
in the exhaled breath condensate of asthma patients.
We also note the excellent work in this area being performed

by other groups and provide a brief comparison to our own
work. Sun and co-workers88 developed an acrylic acid 1,2-
dioxetane probe for hypoxia based on a nitroaromatic trigger
similar to our HyCL series. The acrylic acid group improves
aqueous solubility, but HyCL-4-AM features improved cellular
uptake. Huang and co-workers89,90 have developed a series of
near-infrared 1,2-dioxetane probes using a formyl ester trigger
for peroxynitrite detection. The near-infrared emission can
image deeper in tissue and the different trigger is likely to have
a disparate selectivity from the isatin-based PNCL probe. In
comparison to the CHS probes series, Simsek Turan and
Somzen,91 and Levinn and Pluth92 have reported probes for
hydrogen sulfide using dinitrophenyl and azide triggers,
although these studies were limited to in vitro experiments.
More recently, Gholap and co-workers93 reported a series of
hydrogen sulfide 1,2-dioxetane probes with various triggers and
used these to study hydrogen sulfide production from β-
Lactam antibiotic degradation. Amongst these studies, only the
CHS series has been used for in vivo imaging of hydrogen
sulfide.
The future is bright and open for further development and

applications of chemiluminescent 1,2-dioxetanes. Ultimately,
more advanced designs may have potential for clinical
translation and real-time monitoring of analytes and clinical
parameters. The ability to deliver light to deep tissues using
chemiluminescent 1,2-dioxetanes has intriguing potential for
photopharmacology, radiation therapy, and photodynamic
therapy, and these molecules could also be creatively applied
in photocatalysis for unique mechanisms of targeted drug
release. While we have focused on cellular, animal, and clinical
imaging, optimized chemiluminescent agents could be quickly
applied to environmental testing for contaminants in water or
air. We have recently disclosed a series of photocaged and
photoswitchable 1,2-dioxetanes that enable light-mediated
spatiotemporal control of chemiluminescence emission. This
offers exciting new opportunities for targeted biological
imaging and advanced materials like volumetric 3D chem-
iluminescent displays and formal energy upconversion
photonic materials.
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