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Multiplex technology is an important emerging field, in diagnostic sciences, that enables the simultaneous
detection of several analytes in a single sample. The light-emission spectrum of a chemiluminescent
phenoxy-dioxetane luminophore can be accurately predicted by determining the fluorescence-emission
spectrum of its corresponding benzoate species, which is generated during the chemiexcitation process.
Based on this observation, we designed a library of chemiluminescent dioxetane luminophores with
multicolor emission wavelengths. Two dioxetane luminophores that have different emission spectra, but
similar quantum yield properties, were selected from the synthesized library for a duplex analysis. The
selected dioxetane luminophores were equipped with two different enzymatic substrates to generate
turn-ON chemiluminescent probes. This pair of probes exhibited a promising ability to act as
a chemiluminescent duplex system for the simultaneous detection of two different enzymatic activities
in a physiological solution. In addition, the pair of probes were also able to simultaneously detect the
activities of the two enzymes in a bacterial assay, using a blue filter slit for one enzyme and a red filter
slit for the other enzyme. As far as we know, this is the first successful demonstration of
a chemiluminescent duplex system composed of two-color phenoxy-1,2-dioxetane luminophores. We
believe that the presented here will be beneficial for developing
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Multiplex technology is an important emerging field and
a powerful analytical tool for the simultaneous detection of
several analytes in a single sample.*” This technique is
immensely valuable since it can monitor the activity of multiple
enzymes or analytes in real-time and offer information
regarding complex biological processes at a level of detail that is
beyond the reach of single analyte imaging.® In addition, the
economy of analyzing more than one species per sample is an
obvious advantage for commercial analytical laboratories.*
Thus, reagents, solvents, time, and space can be reduced by
multiplexing. Instead of one instrument for one analyte and
several instruments for several single analytes, one analysis can
be used for several species per sample. The cost of laboratory
space, personnel, running instrumentation, and consumables
are reduced. Furthermore, new analytical approaches can be
investigated, because combining sets of analytes provides more
information for solving a defined analytical problem.> While
a variety of fluorescence-based scaffolds for sensing multiple
targets were comprehensively studied,®*® multiplex examples
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chemiluminescence luminophores for multiplex analysis of enzymes and bioanalytes.

based on chemiluminescent dyes are rarely described and are
regularly limited for immunoassays."”*®* Thus, it remains
a challenge to develop a rapid, simple, and effective
chemiluminescent platform for the simultaneous detection of
multiple analytes in a single sample.

Chemiluminescent probes, composed of phenoxy-adamantyl-
1,2-dioxetane luminophores, can be modularly equipped with
various protecting groups in order to trigger their chemiexcitation
pathway.**® Thus, specific responsive groups can be tailored as
triggering substrates for reaction with the analyte of choice.
Several years ago, our group discovered that the incorporation of
an electron-withdrawing group (EWG) as a substituent at the ortho
position of phenoxy-adamantyl-1,2-dioxetane prevents water-
mediated quenching of the excited intermediate and amplifies
the light-emission intensity of the chemiluminescent
luminophore by up to 3000-fold (Fig. 1A).** Importantly, this
groundbreaking development enabled the use of our
chemiluminescent luminophores as a single-component probe
with no required additives. Numerous research groups worldwide,
including ours, took advantage of an ortho-substituted phenoxy-
adamantyl-1,2-dioxetane luminophore to develop useful
chemiluminescent probes for use in cells and in vivo assays.”>*®

The electronic molecular structure of the EWG substituent
can directly affect the light emission wavelength of the
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Fig. 1 General presentation of two-color chemiluminescent luminophores for a duplex analysis.

chemiluminescent dioxetane luminophore (Fig. 1B). Therefore,
the incorporation of different EWG substituents at the ortho
position of the phenoxy-dioxetane scaffold provides
chemiluminescent luminophores with different colors.”® Here
we report a practical two-color chemiluminescent duplex
system, based on phenoxy-1,2-dioxetane luminophores for
simultaneous detection of two analytes.

The light-emission wavelength of a chemiluminescent
phenoxy-dioxetane luminophore can be accurately predicted by
determining the fluorescence-emission wavelength of its
corresponding benzoate species, which is generated during the
chemiexcitation process (Fig. 2A). Thus, we initially sought to
screen a library of benzoates, substituted with various EWGs,
and to use the obtained data to select a suitable pair of phenoxy-
dioxetane luminophores with different light-emission
wavelengths, in order to prepare chemiluminescent probes for
duplex analysis.

The molecular structures of 15 benzoates, bearing various
substituents, positioned ortho to the phenol are presented in
Fig. 2B. The synthesis of these benzoate derivatives was
achieved as described in the ESI.{ In general, reagents bearing
various EWGs were condensed with an appropriate aldehyde to
afford their corresponding benzoate derivatives. The
benzothiazole benzoate E490 was obtained via a reaction of the
aldehyde with 2-amino-thiophenol and the hydroxy coumarin
benzoate A460 was prepared via thermal decomposition of its
corresponding dioxetane derivative. All benzoates exhibit
fluorescence with wide-ranging emission wavelengths from 460
nm to 710 nm.

The optical spectra and properties were measured for the
fluorescent benzoates (A-O) and the obtained data are
presented in Table 1. Benzoate A460 has a molecular core that is
based on 7-hydroxy-coumarin, benzoate J610 has an ortho
substituent that exists in the Green Fluorescent Protein (GFP)
dye and benzoate L710 has an ortho substituent inspired by the
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dicyanomethylene-4H-chromene NIR fluorescent dye. The other
benzoates have varied lengths of conjugated ortho substituents
or varied electron withdrawing groups.

In general benzoates with shorter emission wavelengths
exhibited higher fluorescence quantum yield. Since benzoates
with red to farred emission wavelengths have molecular
structures of elongated m-electron systems, which are less rigid,
they are susceptible to a higher degree of non-radiative decay in
their excited state. The elongation of the m-electron conjugation
resulted in a longer emission wavelength of about 50 nm for
each additional double bond.

In order to confirm that the emission wavelengths of the
fluorescent benzoates match the emission wavelengths of their
corresponding chemiluminescent phenoxy 1,2-dioxetane
luminophores, we next synthesized the corresponding phenoxy-
adamantyl-1,2-dioxetane derivatives (see the ESIt). The
molecular structures and the emission colors of these
chemiluminescent phenoxy-adamantyl-1,2-dioxetane
luminophores are presented in Fig. 3. In general, most of the
compounds were synthesized by Wittig or Knoevenagel
condensations of an ortho-substituted aldehyde with various
reagents bearing EWGs. These transformations afforded
enolether intermediates that were subsequently oxidized by
singlet oxygen to produce their corresponding 1,2-dioxetanes.
The synthesis of benzothiazole dioxetane E490 was achieved by
condensation of an ortho-aldehyde enolether with 2-amino-
thiophenol, followed by singlet oxygen oxidation, and the
synthesis of coumarin dioxetane A460 was performed as
reported earlier.* The synthesized 1,2-dioxetanes were obtained
in moderate to high yields and presented decent thermal
stability, with little to no decomposition at all to the
corresponding benzoates after long storage periods in a solid
form or in stock solutions in DMSO at —20 °C (ESI, Fig. S8t). A
visual demonstration of the phenoxy-1,2-dioxetanes
chemiexcitation is shown in Fig. 3.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Design of Fluorescent Benzoates: The Excited Species Formed During Chemiexcitation

A Chemiexcitation pathway of phenoxy 1,2-dioxetanes
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Fig. 2
emission wavelengths.

Next, we measured the chemiluminescence properties of the
dioxetane luminophores, including light-emission spectra, the
half-life (T,,) of the light emission profile, chemiluminescence
quantum yield and brightness. The chemiexcitation of the
phenoxy dioxetanes was triggered by deprotonation of the
phenolic hydrogen under physiological conditions in PBS 7.4.
The obtained data are summarized in Table 2.

Predictably, the chemiluminescent emission spectra of the
dioxetane luminophores overlapped the fluorescent emission
spectra of their corresponding benzoates (ESI, Fig. S37). The
chemiexcitation of the phenoxy-dioxetanes resulted in light
emission decay kinetic profiles with different 7,,. The
chemiluminescent quantum yields for all dioxetane
luminophores were calculated using dioxetane C510 as a
reference.*® The brightness of the chemiluminescent
luminophores was determined by the intensity of light emission
per unit of time. Therefore phenoxy-dioxetanes, which exhibited
faster light emission decay profiles (shorter Ty/,), had higher
brightness values. For example, dioxetane B495 exhibited a Ty,
value of 3.4 s and a chemiluminescent quantum yield of 0.58%,
making it the brightest dioxetane in our array. Dioxetanes A460
and E490 exhibited the longest Ty, values, 16 h and 10.3 h
respectively. Therefore, their light emission intensity per time
interval was substantially lower. Such circumstances result in
a low brightness value for these dioxetanes, despite their high
chemiluminescent quantum yield (55% and 20% respectively).

© 2023 The Author(s). Published by the Royal Society of Chemistry

(A) Chemiluminescent disassembly pathway of 1,2-dioxetane. (B) Molecular structures of various benzoate derivatives with wide-ranging

In order to enable the simultaneous detection of several
analytes in a single sample, a chemiluminescent multiplex
system should be composed of 1,2-dioxetane luminophores,
each emitting at a different wavelength. Importantly the
emission bands of the selected luminophores should be with
similar intensities and with a sufficient wavelength distance
one from the other, which facilitates adequate resolution
(Fig. 4A). To validate the feasibility of such a chemiluminescent
multiplex system, we sought to demonstrate a dual-color two-
enzyme detection duplex.

Based on the optical properties of the benzoates and
dioxetanes presented in Tables 1 and 2, phenoxy-dioxetanes
B495 and G610 were selected as a suitable luminophore-pair
for a duplex system (Fig. 4B). The chemiluminescence
maximum emission wavelength gap of these dioxetanes is more
than 100 nm (495 nm and 610 nm respectively) and their
chemiluminescence quantum yields are similar (0.58% and
0.50% respectively). The T, value difference of dioxetane B495
and G610 is not ideal (3.4 s and 31.2 s respectively); however,
this variance can be compensated for by measuring the light-
emission signals at a specific time slot.

Phenoxy-dioxetanes luminophores G610 and B495 were
masked with two different enzymatic substrates to form the
chemiluminescent turn-ON probes, DPLX-1 and DPLX-2
(Fig. 4C). Dioxetane luminophore G610 was equipped with
a triggering substrate aimed for activation by the reductase
enzyme NQO1 (probe DPLX-1) and dioxetane luminophore

Chem. Sci., 2023, 14, 6953-6962 | 6955
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Tablel Molecular structures and optical parameters of fluorescent benzoates with different ortho substituents. Benzoates A—O [100 uM] in PBS
[100 mM], pH 7.4, and 10% DMSO. Relative intensity (fluorescence quantum yield) was measured by exciting each benzoate by the maximum
absorbance value. The extinction coefficient was determined by measuring the absorbance for different concentrations and generating a
calibration curve for each benzoate. *Measurements were conducted in pH 11, carbonate buffer, due to the high pKj, value of this phenol
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Molecular structures of various phenoxy 1,2-dioxetanes
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Fig. 3 Molecular structures of various phenoxy-adamantyl-1,2-dioxetane luminophores with wide-ranging emission wavelengths, and
a demonstration of phenoxy-1,2-dioxetane activation using saturated sodium bicarbonate solution.

B495, with a triggering substrate aimed for activation by
alkaline phosphatase (probe DPLX-2). Since dioxetane G610
exhibited poorer aqueous solubility than dioxetane B495, its
methyl-ester functional group was replaced with a dicarboxylic
acid function that is more water-soluble (see the molecular
structure of probe DPLX-1 in Fig. 4C). This modification did not
affect the optical properties of dioxetane luminophore G610
(ESI, Fig. S9%).

Expectedly, probes DPLX-1 and DPLX-2 exhibited a substantial
turn-ON response to NQO1 and to alkaline phosphatase
respectively, displaying a typical kinetic chemiluminescence
profile of an increase and decay. The light emission spectrum of
probe DPLX-1 (Fig. 4C, red), in the presence of NQO1, generates
a sufficient distance in Ay, from the light emission spectrum of
probe DPLX-2, in the presence of alkaline phosphatase (Fig. 4C,
blue). The light emission spectrum generated by the
simultaneous activation of both probes by the two enzymes also
shows two partially resolved emissions maxima (Fig. 4C, green).

To evaluate the ability of probes DPLX-1 and DPLX-2 to serve as
a suitable pair for a duplex analysis, their chemiluminescence
light emissions were measured using a set of two different filters.
Since the activation of probe DPLX-1 resulted in a maximum
emission wavelength of 610 nm, with an emission band from
495 nm to 750 nm, we used a wavelength of 650 nm for the red
filter. On the other hand, since the activation of probe DPLX-2
resulted in a maximum emission wavelength of 495 nm, with an
emission band from 430 nm to 620 nm, we used a wavelength of
470 nm for the blue filter. Such a selection of filters will maximize
the amount of light gathered for a specific probe and minimize the
light leakage to the emission band of the other probe.

Probes DPLX-1 and DPLX-2 were incubated in the presence
and absence of NQO1 and alkaline phosphatase and the light-

© 2023 The Author(s). Published by the Royal Society of Chemistry

emitted signal was measured using the filters described
above. The obtained data are presented in Fig. 4. Using the red
filter, probe DPLX-1 exhibits a strong light emission signal in
response to NQO1, which is 310-fold higher than the signal
produced in the absence of the enzyme. Similarly, using the
blue filter, probe DPLX-2 also exhibits a strong light emission
signal in response to alkaline phosphatase, which is 1166-fold
higher than the signal produced in the absence of the enzyme.
Both probes show only minimal light leakage in the other filter.

Next, we measured the concurrent turn-ON response of a1:1
mixture of probes DPLX-1 and DPLX-2, in the presence and
absence of NQO1 and alkaline phosphatase, using the blue or
the red filters (right, Fig. 4D). Intriguingly, the
chemiluminescence light emission profile of each probe was
not affected by the presence of the other, nor by the intensity or
the light emission rate (overlay graphs are presented in the ESI,
Fig. S117). In addition, the S/N values in the simultaneous
measurement were similar to the S/N values observed in the
individual measurements (S/N values of 310 and 910
respectively). The obtained data show that the selected pair of
probes produce well-separated two-color emission bands with
high detection sensitivity towards their enzymes.

The ability of probes DPLX-1 and DPLX-2 to provide
straightforward real-time analyte detection has prompted us to
explore their performance for a dual-color duplex analysis in
a bacterial assay. Three bacterial strains that are known to
express either NQO1, alkaline phosphatase, or both were
selected for this study. Staphylococcus aureus (ATCC 35556) is
a bacterium that expresses both the enzymes NQO1 and
alkaline phosphatase, Streptococcus mutans (ATCC 35668) is
a bacterium that expresses the enzyme NQO1, and Streptococcus

Chem. Sci., 2023, 14, 6953-6962 | 6957
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Table2 Molecular structures and chemiluminescence parameters of 1,2-dioxetanes with different ortho substituents. Dioxetanes A—O [1 uM] in
PBS [100 mM], pH 7.4, and 10% DMSO. Relative intensity was determined for each dioxetane in comparison to literature values of known
dioxetanes, and brightness was determined as the total light emitted divided by the chemiexcitation rate in minutes

Spectroscopic Parameters of Phenoxy-1,2-Dioxetane Chemiluminesce minophores in PBS, pH 7.4
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Selection and Evaluation of A Chemiluminescent Duplex Pair for Enzymatic Assay

A. General presentation of a chemiluminescent duplex system
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Fig. 4 (A) General scheme of a chemiluminescence duplex system for simultaneous monitoring of different analytes. (B) Molecular structures
and chemiluminescent properties of the two selected luminophores for the duplex system. (C) Chemiluminescence emission spectra of DPLX-1
[100 uM] and DPLX-2 [100 pM] with NQO1 [20 pg ml™] and ALP [7.5 U ml™Y in PBS 7.4, 10% DMSO, and NADH [100 pM] at 25 °C. The green curve
represents the measurement of both DPLX-1 and DPLX-2 at the same well, at the same time. (D) Left: Total light emission of DPLX-1 [10uM] with
and without NQO1 [20 ug ml™Y] in PBS 7.4, 10% DMSO, and NADH [100 pM] at 25 °C. The light emitted was measured at 470 nm and 650 nm (slit
of 15 nm) and total light emission values were taken after 60 minutes of measurement. Middle: Total light emission of DPLX-2 [10 uM] with and
without ALP [7.5 U ml™Y in PBS 7.4 and 10% DMSO at 25 °C. The light emitted was measured at 470 nm and 650 nm (slit of 15 nm) and total light
emission values were taken after 60 minutes of measurement. Right: Total light emission of DPLX-1[10 pM] and DPLX-2 [10 uM] with and without
NQO1 [20 ug ml™] and ALP [7.5 U ml™] in PBS 7.4, 10% DMSO, and NADH [100 pM] at 25 °C. The light emitted was measured at 470 nm and
650 nm (slit of 15 nm) and total light emission values were taken after 60 minutes of measurement.

pyogenes (glossy) is a bacterium that expresses alkaline
phosphatase.®**

Probes DPLX-1 and DPLX-2 were incubated with the three
different bacterial strains and their light emission signal was
measured using blue and red filters (Fig. 5). The incubation of

© 2023 The Author(s). Published by the Royal Society of Chemistry

the two probes with Staphylococcus aureus (ATCC 35556)
resulted in strong signals with substantial S/N values by using
both the blue filter slit and the red filter slit (Fig. 5A, left). These
measurements indicate the expression of the two enzymes
NQO1 and alkaline phosphatase by this bacterial strain. On the
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(A) Total light emission of DPLX-1 [100 uM] and DPLX-2 [100 uM] with S. aureus (ATCC 35556) (left), S. mutans (ATCC 35668) (middle), and

S. pyogenes (glossy) (right) in PBS 7.4 and 10% DMSO at 37 °C. The light emission was measured at 470 nm and 650 nm and total light emission
values were taken after 20 minutes from the addition of the probes. (B) Chemiluminescence emission spectra of DPLX-1 [100 uM] and DPLX-2
[100 uM] with S. aureus in PBS 7.4 and 10% DMSO at 37 °C. The green curve represents the measurement of both DPLX-1and DPLX-2 at the same
well, at the same time. (C) Total light emission of DPLX-1[100 uM] and DPLX-2 [100 uM] with S. aureus in the presence of ALP inhibitor cocktail (1
pl) and dicoumarol (5 eq.) in PBS 7.4 and 5% DMSO at 37 °C. The light emission was measured at 470 nm and 650 nm and total light emission

values were taken 30 minutes after the addition of the probes.

other hand, the incubation of the two probes with Streptococcus
mutans (ATCC 35668) resulted in a strong light emission signal
using the red filter slit and a low signal when using the blue
filter slit; indicating that this bacterial strain highly expresses
the enzyme NQO1 and only slightly expresses alkaline phos-
phatase (Fig. 5A, middle). Similarly, the incubation of the two
probes with Streptococcus pyogenes (glossy) resulted in a strong

6960 | Chem. Sci, 2023, 14, 6953-6962

light emission signal using the blue filter slit and a low signal
when using the red filter slit, indicating that this bacterial strain
highly expresses alkaline phosphatase and only slightly
expresses the NQO1 enzyme (Fig. 5A, right).

The measurements of the full emission spectra of probes
DPLX-1 and DPLX-2 in the presence of the bacterial strain
(Staphylococcus aureus (ATCC 35556)) that expresses both

© 2023 The Author(s). Published by the Royal Society of Chemistry
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enzymes, NQO1 and alkaline phosphatase, showed similar
spectral patterns to the emission spectra observed with probes
DPLX-1 and DPLX-2 in PBS 7.4 in the presence of the two
enzymes (Fig. 5B).

To further confirm that probes DPLX-1 and DPLX-2 are
specifically activated by NQO1 and alkaline phosphatase, we
performed the measurements in the presence of inhibitors,
dicoumarol, which is a specific inhibitor for NQO1, and
a known inhibitor cocktail for alkaline phosphatase.*

Both probes were incubated with Staphylococcus aureus
(ATCC 35556) and with either one of the two inhibitors and after
30 min, the chemiluminescence signal was measured using
either the red or the blue filters. Indeed, a signal inhibition of
92% was observed for alkaline phosphatase using the blue filter,
and a signal inhibition of 59% was observed for NQO1 using the
red filter (Fig. 5C). The obtained results clearly show the
feasibility of probes DPLX-1 and DPLX-2 to function as
a chemiluminescence duplex system, that enables the
simultaneous detection of alkaline phosphatase and NQO1 in
a bacterial assay.

Fluorescence and chemiluminescence are two related optical
phenomena that are based on a light emission signal. However,
in contrast to fluorescence, chemiluminescence does not
require irradiation by an external light source and as a result,
the background signal is extremely low, and the obtained
sensitivity is considerably enhanced. In in vivo settings, the
excitation light source used in fluorescence to excite a
fluorogenic dye can also excite other biomolecules present in
the mammalian tissues. Such circumstances generate
a substantial background signal, which significantly decreases
the overall signal-to-noise ratio value of the measurement. This
disadvantage is totally avoided in chemiluminescence since the
excitation of the chemiluminophore occurs through a chemical
reaction and no external light is required. As a result, the signal-
to-noise ratio produced by chemiluminescence is much higher
than that produced by fluorescence.

Several duplex and multiplex examples, that employ a
fluorescent output, were reported over the last few years.***3**
One example described a duplex system that employs one
fluorescence output and one chemiluminescence output.®
However, a duplex system with two-color chemiluminescence
dioxetane luminophores was never demonstrated before. The
ability to incorporate various substituents at the ortho position
of a phenoxy-dioxetane enables us to gain control and fine-tune
the emission wavelength of the dioxetane luminophores. In
general, an efficient duplex system should be composed of
a pair of dyes with different emission wavelengths and a
sufficient spectral gap. Importantly the emission intensity
should be similar for both dyes, in order to enable simultaneous
detection of the turn-ON signal generated by the response of the
two analytes of interest with the pair of probes. The library of
dioxetane luminophores presented in Table 2 may be useful for
the selection of additional colors for achieving a multiplex
analysis system.

In summary, synthesized a library of
chemiluminescent dioxetane luminophores with multicolor
emission wavelengths. The emission wavelength of the

we small

© 2023 The Author(s). Published by the Royal Society of Chemistry
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chemiluminescent dioxetane could be efficiently determined by
the measurement of the fluorescence emission of its
corresponding  benzoate  byproduct. Two  dioxetane
luminophores that have different emission spectra, but similar
quantum yield properties, were selected from the synthesized
library. The selected dioxetane luminophores were equipped
with two different enzymatic substrates to generate turn-ON
chemiluminescent probes. This pair of probes exhibited
a promising ability to act as a chemiluminescent duplex system
for the simultaneous detection of two different enzymatic
activities in a physiological solution. Remarkably, the pair of
probes was also able to simultaneously detect the activities of
the two enzymes in a bacterial assay, using a blue filter slit for
one enzyme and a red filter slit for the other enzyme. As far as
we know, this is the first successful demonstration of a
chemiluminescent duplex system composed of two-color
phenoxy-1,2-dioxetane luminophores. We anticipate that the
library of dioxetanes presented here will be useful for the
development of chemiluminescent probes for multiplex
analysis of different analytes.
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