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Chemiluminescent probes offer exceptional sensitivity for bioanalytical applications by generating light
without external excitation, thereby eliminating background interference. Among these, phenoxy-1,2-
dioxetane luminophores are widely used; however, enhancing chemiexcitation rates typically comes at
the cost of reduced chemical stability. Here, we present a rational design strategy that overcomes this
limitation through the incorporation of electronegatively substituted adamantyl units into the dioxetane
scaffold. We show that introducing electron-withdrawing functionality, specifically a lactone-adamantyl
moiety, significantly accelerates chemiexcitation kinetics while preserving the inherent stability of the
adamantyl framework. These modified luminophores exhibit a transition from prolonged glow-type
emission to rapid flash-type chemiluminescence, increasing photon flux without diminishing total light
output. As a result, probes incorporating electronegative adamantyl groups demonstrate substantially
improved analytical performance. In enzymatic assays, these probes generate faster signal buildup and
markedly enhanced signal-to-noise (S/N) ratios compared to classical analogues. This enhancement
arises from both accelerated chemiexcitation and reduced background signal due to faster
decomposition of residual emissive species. Importantly, stability studies confirm that these structural
modifications do not compromise probe integrity under physiological conditions. The practical
advantage of this design is clearly demonstrated in bacterial detection assays. Probes bearing the
lactone-adamantyl unit achieve signal-to-noise values up to 190-fold higher than those obtained with
the corresponding non-substituted adamantyl probes, while maintaining chemical stability under
physiological conditions, all within the first minute of measurement. This work establishes substituted
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adamantyl units as a powerful structural motif for designing next-generation, highly sensitive

rsc.li/chemical-science chemiluminescent tools for rapid diagnostics, bioimaging, and environmental sensing.

Introduction

During the past three decades, chemiluminescent probes have
become indispensable molecular tools across numerous scien-
tific and diagnostic applications."” In contrast to fluorescence,
where light emission requires external excitation, chem-
iluminescence generates light directly from a chemical reaction.
This inherent mechanism confers exceptional sensitivity by
eliminating background signals caused by autofluorescence
and light scattering. The advent of modular, turn-on chemilu-
minescent probes dates back to 1987, following the discovery of
triggerable phenoxy-1,2-dioxetanes (Fig. 1A).** In these
systems, the phenol group is protected with a substrate tailored
to a specific enzyme, allowing for selective detection of
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enzymatic activity. Once the protecting group is removed by the
target enzyme, the chemiexcitation process proceeds, yielding
an excited benzoate that decays to its ground state through the
emission of light. However, the excited intermediate, formed
during the chemiexcitation of Schaap's dioxetane, is quenched
by water molecules. Thus, an assay based on this probe requires
the presence of an amphiphilic micellar component and
a fluorescent dye amplifier. About nine years ago, our group
discovered that the incorporation of an acrylate substituent at
the ortho position of a phenoxy-adamantyl-1,2-dioxetane
prevents water-mediated quenching of the excited interme-
diate and amplifies the light-emission intensity of the chemi-
luminescent luminophore by up to 3000-fold (Fig. 1B)."
Importantly, this development enabled the use of chemilumi-
nescent probes as a single component with no required
additives.”° Several research groups worldwide have leveraged
this discovery to develop novel chemiluminescent probes for
a wide range of biological applications.**-*”
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Chemiexcitation Pathway of Phenoxy-1,2-Dioxetanes - Flash vs. Glow Chemiluminescence
A. 1987: General chemiexcitation pathway of 1,2-dioxetanes masked by a protecting group
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C. 2024: Development of chemiluminescent probes with flash-mode chemiexcitation
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D. This Work: Dioxetanes with electronegative groups on the adamantyl skeleton accelerate the chemiexcitation
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Fig. 1

(A) General chemiexcitation pathway of 1,2-dioxetanes. (B) Activation and chemiexcitation pathway of 1,2-dioxetanes with ortho acrylate

substituent. (C) Development path of chemiluminescent probes with flash-mode of chemiexcitation. (D) This work: 1,2-dioxetanes bearing
electron-withdrawing groups on the adamantyl scaffold accelerate the chemiexcitation and retain the chemical stability. Flash-mode vs. glow-

mode of chemiexcitation — schematic representation.

Depending on the rate of chemiexcitation, the emission may
manifest as a prolonged, low-intensity glow or as a rapid, high-
intensity flash. Assays that rely on flash-type chem-
iluminescence generally offer higher detection sensitivity than
those employing glow-type reactions. Recently, our group
discovered that introducing spiro-strain into 1,2-dioxetanes
markedly increases their chemiexcitation rate, and thereby
effectively converts glow-type chemiluminescence into flash-
type emission (Fig. 1C1).>** Furthermore, we found that the
incorporation of heteroatoms or inductive electron-

Chem. Sci.

withdrawing groups on strained four-member or non-strained
six-member rings of dioxetanes exhibits even faster chem-
iexcitation rates (Fig. 1C2 and 1C3).*"

However, further analysis of the structure-activity relation-
ships revealed that both spiro-strained four-membered rings
and non-strained substituted six-membered rings severely
compromise the chemical stability of the resulting dioxetanes
when compared to 1,2-dioxetanes bearing an adamantyl group.
In order to obtain dioxetane luminophores that exhibit both
accelerated chemiexcitation and high chemical stability, we

© 2026 The Author(s). Published by the Royal Society of Chemistry
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sought to introduce an electronegative functionality while
retaining the adamantyl structural motif. This dual effect can be
achieved by designing adamantyl derivatives bearing electro-
negative heteroatoms or inductive electron-withdrawing
groups. Here we report the design synthesis of dioxetane
luminophores equipped with adamantyl units bearing electro-
negative functional groups (Fig. 1D). These new dioxetane
lumiphores exhibit fast chemiexcitation, high chemical
stability, improved water solubility, and better detection
sensitivity.

Results and discussion

To assess the impact of electronegative adamantyl units on the
chemiexcitation rate of phenoxy dioxetanes, we first attempted
to induce light emission using tetrabutylammonium fluoride
(TBAF) and simple tert-butyldimethyl silyl (TBS)-protected
phenols (Fig. 2A). Therefore, we synthesized four TBS-
protected phenoxy dioxetanes bearing different adamantyl
derivatives (Fig. 2B). The first compound, Diox 1, is the classical
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unsubstituted dioxetane containing a non-functionalized ada-
mantyl group. Diox 2 features an adamantyl moiety in which
one carbon atom is oxidized to a carbonyl group. Diox 3
contains an adamantyl derivative further oxidized to a lactone.
Finally, Diox 4 incorporates an adamantyl carbonyl derivative in
which the two o-positions adjacent to the carbonyl are
substituted with ethyl carboxylate ester functionalities.

The four TBS-protected phenoxy-dioxetanes were incubated
in DMSO, and their chemiexcitation rates were measured upon
the addition of TBAF. The relative chemiexcitation rates were
determined from plots of the total light emission ¢,,, values, as
shown in Fig. 2C1. All three dioxetanes containing electroneg-
ative adamantyl units (Diox 2, Diox 3, and Diox 4) exhibited
substantially faster chemiexcitation rates compared to Diox 1.
The relative rate values are summarized in Fig. 2C2, showing
that the chemiexcitation rates of Diox 2, Diox 3, and Diox 4 were
13.2, 8.8, and 7.6-fold higher than that of Diox 1, respectively.
Fig. 2C3 presents images of the reaction vials captured at
selected time intervals over a 5 second period. Diox 1 displayed
relatively slow and prolonged light emission lasting well beyond

Chemiexcitation Evaluation of TBS-masked 1,2-Phenoxy Dioxetanes With Modified Adamantyl Groups

A. Chemiexcitation pathway of TBS-protected 1,2-dioxetanes triggered by tetrabutylammonium fluoride (TBAF)
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C. Evaluation of chemiexcitation acceleration induced by electron-withdrawing groups on the adamantyl scaffold
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Fig. 2

(A) General activation pathway of TBS-protected 1,2-phenoxy dioxetanes with TBAF. (B) Chemical structures of TBS-protected di-

oxetanes. (C) Chemiluminescent properties evaluation. (1) Normalized intensity of total light emission of the dioxetanes [10 nM] in DMSO in the
presence of TBAF [10 mM] (logarithmic time scale). (2) Half-life values (t;,,) of emission, defined as the time by which half of the light is emitted,
and relative values of chemiexcitation rate. (3) Visual demonstration of Diox 1-4 activation [S00 pM] in DMSO in the presence of TBAF [20 mM].
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Evaluation of B-galactose and a-mannose Masked Dioxetanes - Enzymatic Assay
A. Chemiexcitation pathway of carbohydrate-protected 1,2-dioxetanes hydrolyzed by the corresponding enzyme
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Fig. 3

(A) Chemiluminescent activation pathway of ortho-methyl acrylate 1,2-dioxetanes bearing B-galactosidase or «-mannosidase responsive triggers.

(B) Activation of the probes [10 pM] in the presence of the corresponding enzyme [1 U mL™Y in PBS 7.4 with 10% ACN at 37 °C. (1) Chemiluminescent
kinetic profiles of MA-B-gal-Diox 1 and 2 activated by B-galactosidase. (2) Chemiluminescent kinetic profiles of MA-a-man-Diox 1 and 2 activated by a-
mannosidase. (3) Normalized total light emission (in %) of the total light emitted in intervals of 5 min of probes MA-B-gal-Diox 1, MA-B-gal-Diox 2, MA-o.-
man-Diox 1, and MA-a-man-Diox 2. (4) Total light emission (in relative luminescence units times minutes) of probes MA-B-gal-Diox 1, MA-B-gal-Diox 2,
MA-a-man-Diox 1, and MA-a-man-Diox 2 with relative values as column labels. (C) Saturation kinetics — activation of the probes [10 pM] in the presence of
the corresponding enzyme [0.001 U mL™Y in PBS 7.4 with 10% ACN at 37 °C. (1) Signal-to-noise of total light emission as a function of time of probes MA-
B-gal-Diox 1 and MA-B-gal-Diox 2. (2) Signal-to-noise of total light emission as a function of time of probes MA-a-man-Diox 1 and MA-a.-man-Diox 2.
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5 seconds, whereas Diox 2, Diox 3, and Diox 4 showed markedly
faster chemiexcitation accompanied by shorter emission dura-
tions. Videos demonstrating the effect of the modified ada-
mantyl groups on chemiexcitation are included in the SI (Video
S1 and S2).

Although Diox 4 exhibits a faster chemiexcitation rate than
Diox 2 and Diox 3, its total light emission was substantially
lower (Fig. S1). In contrast, both Diox 2 and Diox 3 produced
total light emissions comparable to Diox 1, with Diox 3 di-
splaying a slightly faster chemiexcitation rate. These observa-
tions prompted further evaluations of probes incorporating
adamantyl units with electronegative groups, using the
adamantyl-lactone unit of Diox 3 as the structural basis.

Therefore, we next sought to evaluate how the adamantyl-
lactone unit, relative to the classic adamantyl group, affects
the light emission of chemiluminescent probes designed to
function under physiological conditions. As noted in the
introduction, phenoxy-1,2-dioxetanes bearing an acrylate
substituent are highly emissive luminophores under aqueous
conditions. Therefore, two new probes incorporating an
adamantyl-lactone scaffold were synthesized (Fig. 3A: MA-B-gal-
Diox 2 and MA-o-man-Diox 2). Each probe consists of a methyl
acrylate-substituted phenoxy-dioxetane luminophore linked to
a glycosidic triggering substrate, one designed for activation by
B-galactosidase and the other by a-mannosidase. In addition,
two analogous probes featuring a classic adamantyl unit instead
of the adamantyl-lactone, equipped with B-galactose and a-
mannose triggering substrates, were also prepared (Fig. 3A: MA-
B-gal-Diox 1 and MA-¢-man-Diox 1).

Probes MA-B-gal-Diox 1 and MA-B-gal-Diox 2 were incubated
in PBS (pH 7.4) in the presence of B-galactosidase, while probes
MA-o-man-Diox 1 and MA-a-man-Diox 2 were incubated with a-
mannosidase (high enzyme concentration). The light-emission
profiles of each probe pair were recorded and are presented in
Fig. 3B. As expected, the light-emission profiles of the probes
containing the adamantyl-lactone (MA-B-gal-Diox 2 and MA-o-
man-Diox 2) unit were markedly faster than those of the probes
with the classic adamantyl unit (MA-B-gal-Diox 1 and MA-a-
man-Diox 1), whose emission persisted over a much longer time
interval (Fig. 3B1 and 3B2).

Fig. 3B3 shows the percentage of total light emitted at 5
minute intervals. For example, probe MA-o-man-Diox 2 emitted
50% of its total light within 10 minutes, whereas probe MA-o-
man-Diox 1 emitted less than 10% during the same time period.
Similarly, probe MA-B-gal-Diox 2 emitted all of its light within 30
minutes, while probe MA-B-gal-Diox 1 emitted less than 60%
over that time. The total light emission of all four probes, rep-
resenting their chemiluminescence quantum yield, was nearly
identical, with the adamantyl-lactone probes (MA-B-gal-Diox 2
and MA-o-man-Diox 2) exhibiting values 10-20% higher than
the classic adamantyl probes (Fig. 3B4).

The chemiexcitation acceleration effect observed for
phenoxy-1,2-dioxetanes containing the adamantyl-lactone
suggests that probes MA-B-gal-Diox-2 and MA-a-man-Diox-2,
are expected to exhibit higher detection sensitivity compared
to their classic adamantyl counterparts. To evaluate this effect,
the light emission signals of the probes were then measured

© 2026 The Author(s). Published by the Royal Society of Chemistry
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under saturation kinetics conditions (low enzyme concentra-
tion). Under such conditions, the generated signal is gradually
increased to a plateau level (Fig. S2, 3C1 and 3C2). The S/N
values measured for probes MA-B-gal-Diox-2 and MA-a-man-
Diox-2, over 10 min, were substantially higher than the S/N
values measured for the control probes, MA-B-gal-Diox-1 and
MA-o-man-Diox-1 (after 1 min, 9.7-fold and 3.5-fold, respec-
tively). These results confirm the enhanced detection sensitivity
resulting from the chemiexcitation-acceleration effect of
phenoxy-1,2-dioxetane luminophores bearing adamantyl units
with electronegative heteroatoms or functional groups.

We recently reported that phenylamine-1,2-dioxetanes are
effective chemiluminescent luminophores for aqueous appli-
cations.” These luminophores exhibit high light-emission
intensity as single-component probes and do not require the
ortho-acrylate substituent that is necessary for their phenoxy-
1,2-dioxetane counterparts. Unlike phenoxy-1,2-dioxetanes, the
chemiexcitation of phenylamine-1,2-dioxetanes is initiated by
electron transfer from the nitrogen lone pair of the amine
group. Because this lone pair has a significantly lower charge
density than that of the phenolate ion, the chemiexcitation
process is relatively slow. Consequently, this limitation reduces
the signal-to-noise (S/N) ratio achievable with this new class of
chemiluminescent luminophores.

To improve the detection sensitivity of phenylamine-1,2-
dioxetanes, we next sought to evaluate the effect of the
adamantyl-lactone on the chemiexcitation of these lumino-
phores. The general chemiexcitation pathway of N-methyl-
phenylamine-1,2-dioxetane probes aimed for the detection of
B-gal activity is presented in Fig. 4A. Probe B-gal-NHMe-Diox 2,
incorporating an adamantyl-lactone unit, was synthesized, and
its light-emission properties were compared with those of probe
B-gal-NHMe-Diox 1, which contains a conventional adamantyl
moiety (Fig. 4B).

The two probes (B-gal-NHMe-Diox 1and B-gal-NHMe-Diox 2)
were incubated in PBS (pH 7.4) in the presence of p-galactosi-
dase (high enzyme concentration), and the light-emission
profiles were recorded and are presented in Fig. 4C1. As ex-
pected, the light-emission profile of the probe containing the
adamantyl-lactone unit (B-gal-NHMe-Diox 2) was markedly
faster than that of the probe with the classic adamantyl unit (B-
gal-NHMe-Diox 1), whose emission persisted over a much
longer time interval. The total light emission produced by the
two probes was similar (Fig. 4C1, inset).

The light emission signals of the probes were then measured
under saturation kinetics conditions (low enzyme concentra-
tion). The S/N value measured for probe B-gal-NHMe-Diox 2,
over 10 min, was substantially higher than the S/N values
measured for probe B-gal-NHMe-Diox 1 (after 1 min, 3.8-fold
and after 5 min, 3.0-fold, respectively).

These results clearly demonstrate the enhanced detection
sensitivity achieved through the chemiexcitation-acceleration
effect of phenylamine-1,2-dioxetane luminophores bearing
a lactone-adamantyl unit, particularly when compared to their
classic, non-substituted adamantyl counterparts. This
improvement can be attributed to the unique electronic and
structural contributions of the lactone-adamantyl moiety,
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Evaluation of B-galactose Masked N-Methyl Aniline Dioxetanes
A. Chemiexcitation pathway of B-galactose-protected N-methyl aniline dioxetane connected via a carbamate linker
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Fig. 4

(A) Chemiluminescent activation pathway of NMe-carbamate-linked 1,2-dioxetane bearing a B-galactosidase-responsive trigger. (B)

Chemical structures of NMe-carbamate-linked 1,2-dioxetanes with a B-galactosidase-responsive trigger. (C) (1) Activation of the probes [10 uM]
in the presence of B-galactosidase [1 U mL™Y in PBS 7.4 with 10% ACN at 37 °C with TLE-bar inset. (2) Signal-to-noise of total light emission as
a function of time of probes NHMe-Diox 1 and NHMe-Diox 2[10 pM] in the presence of B-galactosidase [0.01 U mL™Y in PBS 7.4 with 10% ACN at

37 °C.

which appears to facilitate more efficient energy transfer and
promote faster decomposition of the dioxetane intermediate. As
a result, the system exhibits a stronger and more rapid lumi-
nescent response, enabling more precise and sensitive detec-
tion of target analytes. Moreover, these findings highlight the
importance of rational molecular design in optimizing chemi-
luminescent probes, suggesting that strategic substitution on
the adamantyl framework can significantly influence both the
kinetics and intensity of light emission. Collectively, this
underscores the potential of such modified luminophores for
advanced analytical and bioimaging applications, where high
sensitivity and rapid signal generation are critical.

Finally, we aimed to demonstrate the practical advantage of
chemiexcitation acceleration within a biologically relevant
assay. The enhanced chemiluminescence rate observed for 1,2-
dioxetane luminophores bearing a lactone-adamantyl unit
prompted us to investigate whether this improvement could be
translated into increased detection sensitivity for bacterial cells

Chem. Sci.

expressing enzymes that activate the corresponding chemilu-
minescent probes (Fig. 5A). Two bacterial strains were employed
in this assay: E. coli DSM 5923, which expresses p-galactosidase,
and E. thailandicus NEMIS 502, which expresses o-man-
nosidase. E. coli DSM 5923 was incubated with the probes MA-3-
gal-Diox-1 and MA-B-gal-Diox-2, and the resulting light emis-
sion was monitored over 10 minutes (Fig. 5B1). Although MA-B-
gal-Diox-2, bearing a lactone-adamantyl unit, exhibited only an
approximately twofold increase in signal intensity compared to
MA-B-gal-Diox-1, which contains a non-substituted adamantyl
group, the corresponding signal-to-noise (S/N) ratios were
markedly higher (Fig. 5B2). Remarkably, within only 0.5 min of
incubation, probe MA-B-gal-Diox-2 reached a maximum S/N
value 190 times higher than that of probe MA-B-gal-Diox-1.
Although this difference decreased slightly over the subse-
quent measurement intervals, it remained substantially higher
for the lactone-adamantyl probe than for its non-substituted
counterpart. A similar trend was observed for E. thailandicus

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Evaluation of B-galactose and a-mannose Masked Dioxetanes - Bacterial Assay
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D. Chemical structures of B-galactosidase responsive probes and their chemical stability
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Fig. 5

(A) Illustration of chemiluminescent activation of B-galactose and a-mannose masked 1,2-dioxetanes in the presence of B-galactosidase

and a-mannosidase expressing bacteria. (B) (1) Activation of the probes [20 uM] in the presence of E. coli ATCC 8739 (10° cells) in PBS 7.4, at

37 °C. (2) Signal-to-noise of each B-galactosidase probe at various time points. (C) (1) Activation of

the probes [20 uM] in the presence of

E. thailandicus NEMIS 502 (10° cells) in PBS 7.4, at 37 °C. (2) Signal-to-noise of each a-mannosidase probe at various time points. (D) (1) Chemical
structures of the probes with B-galactose trigger. (2) Chemical stability evaluation in PBS 7.4 at 37 °C determined by RP-HPLC assay.
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NEMIS 502, which was incubated with probes MA-a-man-Diox-1
and MA-a-man-Diox-2 under the same conditions (Fig. 5C1). In
this case, a maximum S/N ratio of 45 times higher was also
reached at 0.5 minutes post-incubation (Fig. 5C2). While the
ratio gradually declined over the following intervals, it consis-
tently remained higher for the lactone-adamantyl probe
compared to the non-substituted adamantyl analogue.

The accelerated chemiexcitation rate of probes bearing
a lactone-adamantyl unit raises the question of whether this
modification compromises their chemical stability relative to
their non-substituted adamantyl analogues (Fig. 5D1). To
address this, we evaluated the chemical stability of probe MA-3-
gal-Diox-1 in comparison with MA-B-gal-Diox-2. Both probes
were incubated in PBS (pH 7.4) at 37 °C, and their degradation
was monitored over a 7 day period using analytical RP-HPLC
(Fig. 5D2). Both probes exhibited gradual and limited degra-
dation over the course of the experiment, with no significant
differences observed between them. These results indicate that
replacing the conventional adamantyl unit with a lactone-
adamantyl moiety does not adversely affect the chemical
stability of the 1,2-dioxetane probe. It should be noted that the
standard measurement interval for chemiluminescence assays
typically ranges from 1 to 5 minutes. Therefore, the slow
degradation observed over the extended incubation period is
unlikely to have any practical impact on assay performance.

These results clearly demonstrate that accelerating chem-
iexcitation through the incorporation of a lactone-adamantyl
unit significantly enhances the performance of phenoxy-1,2-
dioxetane probes in practical biological assays, yielding mark-
edly improved signal-to-noise ratios and rapid detection of
enzyme-expressing bacteria, while maintaining chemical
stability under physiological conditions.

Flash-type chemiluminescence probes, with chemiexcitation
acceleration, generate more intense light emission signals in
comparison to glow-type probes, primarily because they
produce a higher number of photons within a given time
interval. This effect not only enhances the probe's emission
signal but also significantly reduces background noise, thereby
resulting in a higher signal-to-noise (S/N) ratio. The background
noise signal primarily arises from small amounts of probe
hydrolysis, occurring during purification by RP-HPLC. This
hydrolysis generates trace quantities of phenol-dioxetane,
which can undergo chemiexcitation and thus contribute to
the observed background signal. To address this issue,
phenoxy-1,2-dioxetane probes are typically preincubated in the
assay solution for 30 minutes prior to measurement. During
this period, trace amounts of phenol-dioxetane decompose via
the chemiexcitation process. However, if the chemiexcitation
rate is slow, a portion of the phenol-dioxetane may persist even
after the preincubation step. The phenol-dioxetane degradation
product of phenoxy-1,2-dioxetane probes bearing a lactone-
adamantyl unit undergoes significantly faster decomposition
compared to the corresponding classic adamantyl analogue,
thereby resulting in a substantially lower background signal
and higher S/N ratio. These reflections can explain why probes
MA-B-gal-Diox-2 and MA-a-man-Diox-2 exhibit considerably
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higher S/N values compared to probes MA-B-gal-Diox-1 and MA-
a-man-Diox-1.

The effect of electron-withdrawing units on the chem-
iexcitation of phenoxy-dioxetane substituted with a six-
membered ring was recently reported by our group.*® In this
study, we performed comprehensive DFT calculations that
strongly support the experimentally observed acceleration of
chemiexcitation induced by electron-withdrawing substituents.
Specifically, we found that incorporation of inductively electron-
withdrawing groups containing heteroatoms lowers the energy
barrier for O-O peroxide bond cleavage, the rate-determining
step that initiates chemiexcitation. Similarly, in this work, the
incorporation of electron-withdrawing motives on the ada-
mantyl scaffold lowers the activation barrier for the rate-
limiting step of chemiexcitation.

Higher signal-to-noise (S/N) ratios directly translate into
improved limits of detection (LOD), as a stronger signal relative
to background noise enables more reliable identification of low-
abundance targets. In our previous studies, we demonstrated
that phenoxy-1,2-dioxetane probes exhibiting accelerated
chemiexcitation consistently produce elevated S/N values,
which in turn enhance detection sensitivity.***>** This effect
was particularly evident in the detection of B-galactosidase
activity in E. coli assays, where probes with faster chem-
iexcitation enabled clearer signal discrimination at lower ana-
Iyte concentrations. Consequently, these probes achieved
significantly lower LOD values compared to their slower-
emitting counterparts, underscoring the critical role of chem-
iexcitation kinetics in improving analytical performance.

Conclusions

In summary, we report the rational design of 1,2-dioxetane
luminophores incorporating electronegatively substituted ada-
mantyl units, which successfully combine accelerated chem-
iexcitation with preserved chemical stability. By introducing
a lactone-adamantyl moiety, we achieved a substantial increase
in chemiexcitation rates without compromising the intrinsic
robustness of the adamantyl scaffold. This design overcomes
a key limitation observed in previous strategies, where
enhanced reactivity was often accompanied by reduced
stability. The modified luminophores exhibit flash-type chem-
iluminescence characterized by rapid and intense light emis-
sion, while maintaining total light output comparable to
classical systems. Importantly, this acceleration translates
directly into improved analytical performance. In both enzy-
matic assays and bacterial detection models, probes bearing the
lactone-adamantyl unit consistently produced markedly higher
signal-to-noise ratios, enabling faster and more sensitive
detection. Mechanistically, this improvement arises not only
from increased photon flux but also from reduced background
noise, due to the faster decomposition of trace phenol-
dioxetane impurities.

Furthermore, stability studies confirmed that the incorpo-
ration of electronegative functionality into the adamantyl
framework does not adversely affect probe integrity under
physiological conditions, even over extended incubation

© 2026 The Author(s). Published by the Royal Society of Chemistry
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periods. This balance between reactivity and stability is critical
for practical applications and highlights the effectiveness of our
molecular design strategy. Overall, this work establishes
electronegatively substituted adamantyl units as a powerful
structural motif for next-generation chemiluminescent probes.
The ability to simultaneously enhance chemiexcitation kinetics,
detection sensitivity, and operational stability opens new
opportunities for the development of advanced bioanalytical
tools. We anticipate that this approach will be broadly appli-
cable to diverse chemiluminescent systems and will facilitate
the design of highly sensitive probes for diagnostic, imaging,
and biological sensing applications.
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