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Abstract

Triggered chemiluminescence emission of spiroadamantane-
1,2-dioxetanes to detect bioanalytes has fueled the emerging
popularity of chemiluminescence imaging in live animals and
cells. Recently, a structural evolution of the dioxetane scaffolds
towards near-infrared emitters has been observed, and efforts
have been made for quantitative and semi-quantitative detec-
tion of a wide range of analytes. In this review, we summarize
the current chemiluminescence imaging developments of
spiroadamantane-1,2-dioxetanes. Specifically, we look at ex-
amples which depict whole animal or cellular chem-
iluminescence imaging of small molecules and enzymes, as
well as those that portray their potential diagnostic and thera-
peutic abilities, with an emphasis on analyte quantification and
experimental parameters.
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Introduction
The last decade has seen the emergence of chem-
iluminescence (light generation from an excited state
formed in a chemical reaction) as an innovative tool for
imaging and sensing of biological analytes in unprocessed
specimens and samples [1,2]. Unlike their fluorescent
counterparts [3,4], chemiluminescent probes are less
prone to autofluorescence or light scattering, providing
better signal-to-noise ratios and imaging depth. Of the
different classes of chemiluminescent molecules [5],
phenolate spiroadamantane-1,2-dioxetanes [6e8] have
gained special attention, mainly due to the thermal sta-

bility of the sterically restricted molecules and their
reaction-based ability to detect biologically relevant
signaling ions and molecules [9]. The trigger generally
involves removal of a protecting group or substrate, which
is attached to the phenol either directly or through a self-
immolative linker. This, in turn, results in chem-
iluminescence via the proposed chemically initiated
electron exchange luminescence (CIEEL) mechanism
(Figure 1a) [10,11], although the possibility of other
mechanistic pathways have not been ruled out [12].

Of late, a push towards the development of near-
infrared emitting probes has been made given the
better penetration depth at longer wavelengths
(Figure 1b). Successful strategies include encapsulation
[13,14], direct modification of the dioxetane scaffold
[15], or conjugation of red-emitting dyes [16], the latter
resulting in a ratiometric response via energy transfer. In
addition, bioanalyte quantification and probe kinetics
are also being increasingly investigated [17]. This
review highlights the recent advances of chemilumi-
nescent spiroadamantane-1,2-dioxetanes in bioimaging.

Specifically, we highlight literature examples from
recent years that involve chemiluminescence micro-
scopy and/or in vivo imaging of small molecules and
enzymes. We also look at other applications such as
microbe detection which do not require imaging but are
likely to have a deep impact. Finally, we summarize
factors like the type of injection, time course of the
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Figure 1

(a) General scheme of CIEEL mechanism (b) Structural evolution of spiroadamantane-1,2-dioxetanes towards near-infrared emission.

2 Molecular Imaging
signal decay, number of replicates and units of chem-
iluminescence measurement, which are important in
interpreting analytical outcomes.

Imaging of small molecules and ions
Ions and reactive oxygen, nitrogen, and sulfur species are
integral endogenous signaling molecules that orchestrate
cellular health, but disruptions in a cell’s health can result
in pathological perturbations of endogenous levels [18].
Simple, yet elegant modifications of either the caging
group or the dioxetane scaffold can lead to the detection
of a variety of small molecules. For example, our lab
designed a ratiometric pH probe Ratio-pHCL-1
(Figure 2a), composed of a pH-sensitive carbofluorescein
attached to the 1,2-dioxetane scaffold [19]. With its red
shifted emission of 580 nm and accurate pH measure-

ments from 6.8 to 8.4, it provides excellent in vivo IVIS
images of intraperitoneal (IP) injections in BALB-C mice
with high photon flux. Another instance of ion sensing
included the utilization of a tert-butyldimethylsilyl
(TBS) protecting group that could be selectively
removed by fluoride ions [20]. This probe CL-F was
consequently employed for imaging fluoride ions in a
BALB-C mouse. Small molecule imaging can be
extended to foreign contaminants as well. Li and co-
workers [21] developed a chemiluminescent palladium
(II) ion probe PCL (Figure 2b) with a Pd-cleavable

butynyl moiety which afforded high sensitivity and
selectivity (with 20% v/v Emerald II Enhancer) to traces
of palladium. Moreover, its aqueous stability allowed
in vivo imaging within a mouse. Li and co-workers also
designed an H2S probe comprised of a 2,4-dinitrophenyl
caged 1,2-dioxetane SCL-2 [22]. This afforded imaging
of H2S (using NaHS) in BALB-C mice intraperitoneally.
Current Opinion in Chemical Biology 2022, 68:102134
Interestingly, a slight modification of the caging group to
include a 2,4-dinitrophenylsulfonyl group gave a probe
SHCL (Figure 2c) that allowed imaging of biothiols like

glutathione both exogenously and endogenously in nude
mice [23]. Two reactive nitrogen species that have been
targeted include azanone (HNO) and peroxynitrite
(ONOO�). In 2019, our lab reported a real-time HNO
monitoring probeHNOCL-1 (Figure 2d) by appending a
triaryl phosphine group to the 1,2-dioxetane scaffold
[24]. This work is noteworthy because the kinetics of the
chemiluminescence response was solved and used to
achieve precise quantification of HNO in real-time with
temporal precision similar to an HNO electrode. When
imaged in a BALB-C mouse via IP injection ofHNOCL-
1 treated with Angeli’s salt, a 300-fold increase in
chemiluminescence was observed when compared to a
control over the course of 30 min.

An example of hypoxia imaging was demonstrated by our
group by developing the probe HyCL-4-AM
(Figure 2e) [25]. Containing a nitroaromatic sensing
moiety and, importantly, an acetoxymethyl (AM) ester,
this probe performs dramatically well in cells and ani-
mals, where quantitative information on oxygen-
dependent intracellular enzyme kinetics could be

attained. For efficient monitoring of HOCl generation,
Cui and co-workers developed a dioxetane probe CL-N
containing a 4-aminophenyl cage which enabled in vivo
HOCl imaging both exogenously and in tumors [26].
Another approach involved the use of an electron rich
2,6-dichlorophenol cage, where the probe HOCl-CL-
510 was able to detect HOCl in live mice exogenously,
via lipopolysaccharide (LPS) stimulation, and in an
arthritic mice model [27]. In another example, Li and
www.sciencedirect.com
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Figure 2

Representative chemiluminescent spiroadamantane-1,2-dioxetane probes used for in vivo and cellular imaging of small molecules and ions. (a) Ratio-
metric pH imaging via energy transfer. Adapted with permission from Ref. [19]. Copyright 2020 American Chemical Society. (b) Butynyl appended probe
used for the detection of palladium (II) ions. Adapted with permission from Ref. [21]. Copyright 2019 Elsevier. (c) Biothiol detection via a 2,4-
dinitrophenylsulfonyl caged acrylate scaffold. Adapted with permission from Ref. [23]. Copyright 2021 Elsevier. (d) Triarylphosphine-caged acrylonitrile
scaffold used for detection and precise quantification of azanone, (HNO) via kinetic analyses. Adapted with permission from Ref. [24]. Copyright 2019
John Wiley and Sons. (e) Hypoxia detection in tumors via a 4-nitrobenzyl-caged acetoxymethyl ester modified scaffold. Adapted with permission from
Ref. [25]. Copyright 2019 American Chemical Society. (f) Salicylaldehyde-caged acrylic acid probe used for detection of ischemia-reperfusion injury
induced H2O2. Adapted with permission from Ref. [30]. Copyright 2020 John Wiley and Sons. (g) Trifluoromethanesulfonate-caged p-dicyanomethylene-
4H-pyran containing scaffold used for detection of superoxide (O2

�−). Adapted with permission from Ref. [31]. Copyright 2020 John Wiley and Sons. (h)
Dual fluorescence-chemiluminescence detection of H2O2 via a quinoline-malononitrile modified scaffold caged with an aryl boronate trigger. Adapted with
permission from Ref. [32]. Copyright 2020 John Wiley and Sons.
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co-workers reported several thiocarbamate-caged HOCl
probes, where the acrylic acid functionalized probe
HCCL-2 demonstrated real-time HOCl detection in

live mice via LPS stimulation [28]. Using a boronate-
protected dioxetane probe H2O2-CL, Caliceti and co-
workers were able to demonstrate chemiluminescence
microscopy of H2O2 in human living cells (Caco-2)
which had been treated with menadione to induce H2O2

production [29]. The cellular images were obtained
using an Olympus IX73 inverted microscope, equipped
with a 10� objective and an EM-CCD camera (ImagEM
X2), with 5 min exposure times. This work is also
noteworthy as it provides a careful validation of the
www.sciencedirect.com
probe in cellular models of inflammation. An alternate
strategy involved the utilization of a salicylaldehyde
cage, allowing the resulting probe H2O2-CL-510 to

monitor of ischemia-reperfusion injury induced H2O2

changes in vivo (Figure 2f) [30].

To monitor the species produced during drug-induced
acute kidney injury, Pu and co-workers developed two
chemiluminescent probes containing a p-dicyano-
methylene-4H-pyran unit with the phenol caged with
either trifluoromethanesulfonate (NCR1, for superox-
ide O2

��, Figure 2g) or formate (NCR2, for ONOO�)
[31]. Chemiluminescence microscopy of cisplatin-
Current Opinion in Chemical Biology 2022, 68:102134
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Figure 3

Chemiluminescent probes used for in vivo and cellular imaging of enzyme activity. (a) Detection of endogenous fibroblast activation protein a (FAP-a) in
tumors via a FAP-a cleavable dipeptide sequence. Adapted with permission from Ref. [38]. Copyright 2021 American Chemical Society. (b) Detection of
anti-tumor activity of NK cells via a granzyme-B specific trigger. Adapted with permission from Ref. [39]. Copyright 2021 John Wiley and Sons. (c) Near-
infrared detection of b-galactosidase in cancer cells using a galactose-caged thiopyran modified scaffold. Adapted with permission from Ref. [40].
Copyright 2021 John Wiley and Sons. (d) Nanoparticle probe used in detection of alkaline phosphatase in tumors, as well as in the inhibition of tumor
growth. Adapted with permission from Ref. [41]. Copyright 2021 American Chemical Society.

4 Molecular Imaging
treated proximal tubule epithelial human kidney 2
(HK2) cells and in vivo chemiluminescence kidney im-
aging of mice treated with cisplatin established the

ability of both probes to detect the respective reactive
species at different post-drug treatment times. By
further modifying the dicyanomethylene-4H-pyran to a
quinoline-malononitrile unit and using an aryl boronate
trigger, Guo and co-workers developed an H2O2 sensi-
tive probe QM-B-CF (Figure 2h) that operates via a
‘dual-lock strategy’ [32]. Analyte-triggered accumula-
tion of a stable pre-chemiluminescent moiety led to an
aggregation-induced emission (AIE), and consequent
photooxidation of the moiety gave the 1,2-dioxetane,
Current Opinion in Chemical Biology 2022, 68:102134
which generates the chemiluminescent signal upon
decomposition. This dual luminescence was exploited
to detect intratumoral H2O2 in live mice under both

fluorescence and chemiluminescence (after 2 min white
laser irradiation) modes, where a 66-fold higher chem-
iluminescence signal was obtained for the latter
compared to luminol. A similar technique could be
envisioned with other types of photoactivatable and
photoswitchable chemiluminescent probes [33]. A
related approach was used for singlet oxygen detection
by Fan and co-workers where the dioxetane was gener-
ated in situ from the precursor probe CL-SO with the
help of a 1O2 evolving H2O2/NaClO system or in the
www.sciencedirect.com
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presence of a photosensitizer and irradiation [34]. This
allowed imaging of both 1O2 and photodynamic therapy
actions (12 min irradiation time) in live mice. Another
strategy for NIR imaging was adopted by Li and co-
workers where they attached two acyl-protected dioxe-
tane scaffolds to a red-emitting AIEgen fluorophore
[35]. This energy transfer-based chemiluminescent
probeACLD was then utilized for exogenous imaging of

hydrazine in BALB/c mice.

Chemiluminescent probes have also been utilized for
multi-biomarker detection, an exciting prospect which
can assist in establishing biomarker correlation and
improving diagnostic capabilities. In 2019, Pu and co-
workers developed a chemo-fluoro-luminescent reporter
(CFR) for the sequential detection of O2

�� (oxidative
stress) and caspase-3 (cellular apoptosis) generated
during drug-induced hepatotoxicity in live mice [36].
The probe consists of a trifluoromethanesulfonate-caged
Figure 4

Chemiluminescence-based disease monitoring and forensic applications. (a)
pholipase. Adapted with permission from Ref. [42]. Copyright 2019 John Wiley
permission from Ref. [44]. Copyright 2020 The Royal Society of Chemistry. (c
bacterial drugs. Adapted with permission from Ref. [45]. Copyright 2021 Ame
with permission from Ref. [46]. Copyright 2020 American Chemical Society.

www.sciencedirect.com
phenol dioxetane appended to a fluorescent hemicyanine
unit caged with a caspase-3 cleavable peptide modified
self-immolative linker. This afforded independent
chemiluminescent and near-infrared fluorescent chan-
nels which allowed early biomarker detection (17.5 h
earlier than histological analysis for O2

��). The same
group also reported a renal clearable dual channel probe
MRPD which is always fluorescent but exhibits chem-

iluminescence only in the presence of O2
��, allowing dual

chemiluminescence-fluorescence imaging of cisplatin-
induced acute kidney injury in live mice [37].

Imaging of enzyme activity
Enzymes act as important biomarkers as their activity
and the relative concentrations are indicative of cell
function. Recently, the first chemiluminescent probe
CFCL (Figure 3a) for detection of endogenous fibro-
blast activation protein a (FAP-a) was developed by
utilizing a FAP-a specific dipeptide substrate cage [38].
Detection of Salmonella esterase or for Listeria monocytogenes phos-
and Sons. (b) Monitoring of b-lactamase expressing bacteria. Adapted with
) Tracking the susceptibility of Mycobacterium tuberculosis towards anti-
rican Chemical Society. (d) Forensic detection of human semen. Adapted

Current Opinion in Chemical Biology 2022, 68:102134
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Table 1

Summary of chemiluminescent probes discussed in this review.

Animal imaging

Probe lCL (nm) Analyte Mice, Injection Peak Brightnessa Trials Time Course Ref

Ratio-pHCL-1 530, 580 pH BALB-C, IP 1 × 108 p s−1 cm−2 sr−1 3 Single [19]
CL-F 540 F− BALB-C, back injection Arbitrary units 2 Single [20]
PCL 450–470 Pd2+ Subcutaneous 4.5 × 107 p s−1 cm−2 sr−1 3 35 min [21]
SCL-2 450–470 H2S BALB-C, IP 2.5 × 107 p s−1 cm−2 sr−1 3 60-min [22]
SHCL 540 biothiols Subcutaneous 1.5 × 105 p s−1 cm−2 sr−1 3 Single [23]
HNOCL-1 525 HNO BALB-C, IP 3.6 × 106 p s−1 cm−2 sr−1 1 30-min [24]
HyCL-4-AM 516 Hypoxia in tumors IM, IP 105 p s−1 cm−2 sr−1 3–6 100-min [25]
CL-N 525 HOCl BALB-C, IP, IT Signal/noise ratios 1 60-min (IP)

80-min (IT)
[26]
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HOCL-CL-510 520–540 HOCl Subcutaneous, IP, tibiotarsal joint 106 p s−1 cm−2 sr−1 1 30-min (Sub)
21-min (IP)
12-min (TibJ)

[27]

HCCL-2 520–540 HOCl BALB-C, IP 1.3 × 108 p s−1 cm−2 sr−1 3 10 min [28]
H2O2-CL-510 520–540 H2O2 Live rat, brain ventricle 105 p s−1 cm−2 sr−1 3 12 min [30]
NCR1, NCR2 700 O2

�−, ONOO− Live mice, IV 13 × 106 p s−1 cm−2 sr−1 3 60–120 min [31]
QM-B-CF 600 H2O2 Live mice, IT 5.6 × 105 p s−1 cm−2 sr−1 1 120-min [32]
CL-SO 700 1O2 BALA-C, IP 17500 cps 2 12-min [34]
ACLD 620 N2H4 BALB-C, skin-pop Arbitrary units 1 80-min [35]
CFR 540 O2

�− IV 6 × 104 p s−1 cm−2 sr−1 3 120 min [36]
MRPD 540 O2

�− IV 4.8 × 104 p s−1 cm−2 sr−1 3 120 min [37]
CFCL 550 FAP-a BALB-C, IV, IT 106 p s−1 cm−2 sr−1 1 60-min

110-min
[38]

Probe 1 520–540 Granzyme-B IT 1.5 × 107 p s−1 3 – [39]
NCPSG >750 b-galactosidase IT 104 p s−1 cm−2 sr−1 3 60-min [40]
MSN@H6L@b-CD@AMPPD 660 Alkaline phosphatase IV 90 Arbitrary units 5 60-min [41]

Chemiluminescence microscopy

Probe lCL (nm) Analyte Cell Type Instrumentation Acquisition time (s) Ref

H2O2-CL 540 H2O2 Caco-2 Olympus IX73 inverted microscope,
EM-CCD camera

5 [29]

NCR1, NCR2 700 O2
�−, ONOO− HK2 LX71 inverted microscope, infinity 3-

1 (Lumenera) CCD camera
10 [31]

NCPSG >750 b-galactosidase SKOV3 LX71 inverted microscope, infinity 3-
1 (Lumenera) CCD camera

60 [40]

Monitoring disease and infection

Probe lCL (nm) Enzyme detected Signal intensity Ref

CLSP 520–540 Esterase−Salmonella 1.6 × 107 RLU [42]
CLLP 520–540 Phospholipase−Listeria Monocytogenesis 1.0 × 106 RLU [42]
CPCL 540 Carbapenemase−Imipenem-resistant Pseudomonas aeruginosa and Klebsiella pneumoniae 40000 RLU [43]
CCP 470 b-lactamase−E. Coli 1000 LU [44]
FLASH 520–540 Hip-1−Mycobacterium tuberculosis 2.5 × 105 RLU [45]
CLPSA 520–540 Prostate specific antigen−Human semen ~20000 RLU [46]
Ub-CL 520–540 Deubiquitinating enzymes 180000 RLU [47]

a Highest pixel intensity in image.
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8 Molecular Imaging
Successful in vivo imaging was achieved via both intra-
venous and intratumoral injections, and the probe
demonstrates the ability to distinguish between
different microenvironments on the same mouse (tumor
vs normal). Similarly, in vivo chemiluminescent moni-
toring of the anti-tumor activity of natural killer (NK)
cells was achieved by deploying a dioxetane probe with a
Granzyme-B specific peptide sequence (Figure 3b)

[39]. Through intratumoral studies, the ability of the
probe to distinguish between NK cells-treated and un-
treated tumors was established in live mice. In 2021, Pu
and co-workers developed new chemiluminescent
probes by replacing the oxygen atom on a
dicyanomethylene-4H-pyran unit by a larger sulfur
(NCPs) or selenium (NCPSe) atom, leading to emission
wavelengths greater than 750 nm [40]. Importantly,
chemiluminescence microscopy of cells was established
using a galactose-caged thiopyran probe NCPSG
(Figure 3c), which provided better discrimination of b-
gal cells than the corresponding fluorescence signals.
The authors were also able to achieve intratumoral
in vivo imaging in SKOV3 (b-gal positive) or HeLa tumor
(b-gal negative) bearing nude mice, where a 6.5-fold
increase in chemiluminescence signal was observed
from the SKOV3 tumor in comparison to the HeLa
tumor. An interesting chemiluminescent nanoparticle-
based approach was adopted by Tang, Li and co-
workers to address liver cancer theranostics [41].
Using a building-block approach, the probe,
MSN@H6L@b-CD@AMPPD was developed by

covalently attaching a phosphate-caged 1,2-dioxetane
(AMPPD)-b-cyclodextrin adduct to a biocompatible
mesoporous silica nanoparticle via a (4-carboxyphenyl)
porphyrin linker (Figure 3d). Showing specificity for
alkaline phosphatase (ALP), the nanoparticle probe
demonstrated NIR chemiluminescence via energy
transfer from AMPPD to the porphyrin. The specificity
of the probe was further reflected in the in vivo trials
where tumor localization was observed upon intravenous
injection, with the brightest signal occurring at 30 min
over a 60 min time course. Furthermore, its therapeutic
ability via 1O2 generation was assessed by monitoring

cell viability (cancer vs normal cells), as well as tumor
growth in live mice. From both studies it was evident
that the nanoparticle probe selectively kills cancer cells
and inhibits tumor growth, which is an exciting prospect
for chemiluminescence-based photodynamic therapy.

Applications for monitoring disease and infection
While the above examples demonstrate the imaging ca-
pabilities of 1,2-dioxetanes, the high sensitivity of these
probes also show remarkable potential for clinical moni-
toring, detecting bacterial infection/contamination, and

forensics. It should be noted that these ‘non-imaging’
probes are able to monitor microbial infections via
detection of enzyme activity. In 2019, the probes CLSP
and CLLP (Figure 4a) were reported, bearing substrates
Current Opinion in Chemical Biology 2022, 68:102134
specific for Salmonella esterase or for Listeria monocytogenes
phospholipase, respectively [42]. These probes were able
to detect the specific bacteria with limits of detection
that were about 600-fold lower than the corresponding
fluorescent probes and could detect Salmonellawithin a 6-
h incubation period. Apart from detection, chemilumi-
nescent probes have also been used for drug resistance
monitoring. For instance, Shabat, Spitz and co-workers

developed the first carbapenemase-specific chemilumi-
nescent probe CPCL for the detection of live
carbapenemase-producing organisms, which can develop
antibiotic resistance to carbapenem-based drugs [43]. A
related b-lactamase detecting probe was developed by
Murthy and co-workers [44]. This probe CCP was syn-
thetically unique since it consists of cephalosporin con-
jugated to a thiol rather than the commonly used phenol
derivates (Figure 4b). Highlights of this probe include
increased sensitivity (4-fold magnitude) compared to the
commercial fluorescent probe Fluorocillin, and the ability

to selectively detect b-lactamase activity in cultural and
clinical bacterial isolates. Similarly, Bogyo and co-workers
devised a chemiluminescent probe, FLASH (Figure 4c)
which is specific for the Mycobacterium tuberculosis (Mtb)
protease Hip1 [45]. While detecting as few as thousands
of live Mtb cells in both culture and human sputum
samples within minutes, FLASH was able to differen-
tiate between dead and live bacteria, as well as between
antibiotic-susceptible and resistant strains. These ex-
amples showcase the ability of chemiluminescent probes
to provide fast and sensitive diagnosis of deadly microbes,

as well as provide opportunities to improve antibacte-
rial therapeutics.

The forensic applicability of such probes has also been
investigated. In 2020, Shabat and co-workers attached a
prostate specific antigen (PSA) peptidyl substrate Mu-
HSSKLQ to the dioxetane scaffold [46]. The resulting
probe CLPSA (Figure 4d) was employed for the
detection of seminal fluid at low dilutions (1:31250)
using a portable chemiluminescence luminometer (Lu-
mini). Importantly, CLPSA was able to detect human
semen traces deposited on fabric even after 3 days, with

radiance in the range of 105 p s�1 cm�2 sr�1. Another
example involved the direct attachment of a protein,
ubiquitin to yield the first protein-dioxetane lumino-
phore conjugate [47]. This probe, Ub-CL could deter-
mine the activity of deubiquitinating enzymes (DUBs)
which serve as markers for human diseases like cancer.
Significantly, higher signal-to-noise ratios (>93-fold)
were obtained for this chemiluminescent probe in
comparison to the commercially available fluorescent
probe Ub-AMC (1.5-fold).

Conclusions
Tremendous advances for live animal chem-
iluminescence imaging have been made over the last
few years, with a plethora of probes being developed for
www.sciencedirect.com
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imaging of small molecules and enzyme activity.
Moreover, chemiluminescent probes have also been
demonstrated as potential diagnostic and theranostic
tools for disease and infection. From the reports
discussed above, key observations can be made. First,
targeted injections seem to perform better than IV
injections. While targeted injections can be very useful
for spatially and temporally resolved imaging in known

tissue sites, they are not suitable for identifying un-
known sites of disease like cancer metastases, for
example. It is envisioned that advanced triggers with
high selectivity or well-resolved ratiometric/kinetics-
based methods may enhance chemiluminescence im-
aging with systemic IV injections and could be a fruitful
avenue for future investigation. In addition, investi-
gating the time course of the signal change can be
highly informative, as it can unveil kinetic trends.
Equally important is the number of replicates which
help elucidate reproducibility and provide a more ac-

curate portrayal of each probe’s behavior. Table 1
summarizes the imaging studies of probes discussed
in this study, with an emphasis on injection type,
brightness, replicates, and kinetics. There is a need for
real-time quantification of analytes using ratiometric
and kinetics-based methods [19,25], and we envision
an increased employment of such methodologies soon.
Combining chemiluminescent small molecule probes
with chemical biological systems such as split esterases
[48] and deoxyribozymes [49] are some other fasci-
nating avenues with potential applications in signaling

and synthetic biology and need more exploring. Lastly,
in comparison to animal imaging, examples of chem-
iluminescence microscopy are rare due in part to a need
for instrumentation and methods optimized for chem-
iluminescence microscopy [29,31,40,50e53]. Overall,
the future holds promise and exciting prospects for
chemiluminescence-based imaging.
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