Organic &
Biomolecular Chemistry
View Article Online

Published on 08 February 2018. Downloaded by Tel Aviv University on 2/28/2019 1:25:48 PM.

PAPER

Cite this: Org. Biomol. Chem., 2018,
16, 1708

View Journal | View Issue

ortho-Chlorination of phenoxy 1,2-dioxetane
yields superior chemiluminescent probes for
in vitro and in vivo imaging†
Tal Eilon-Shaﬀer,‡a Michal Roth-Konforti,‡a Anat Eldar-Boock,b
Ronit Satchi-Fainarob and Doron Shabat *a
A recent methodology, developed by our group, has enabled a dramatic improvement in the emissive
nature of the excited species, formed during the chemiexcitation of dioxetanes under physiological conditions. This approach has resulted in the discovery of distinct phenoxy-dioxetane luminophores that
produce a chemiluminescence signal via a direct-mode of emission. Here, we show a signiﬁcant pKa
eﬀect of our new phenoxy-dioxetanes on their chemiexcitation and on their ability to serve as chemiluminescent turn-ON probes for biological applications. Using an appropriate phenoxy-dioxetane probe
with a direct-mode of emission, we were able to image β-galactosidase activity, in cancer cells and in
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tumor-bearing mice. To the best of our knowledge, this is the ﬁrst example to demonstrate in vitro and
in vivo endogenous enzymatic chemiluminescence images obtained by a single-component phenoxydioxetane probe. We anticipate that our strategy, for the design and synthesis of such distinct luminophores, will assist in providing new eﬀective turn-ON probes for non-invasive intravital chemiluminescence imaging techniques.

Introduction
Chemi- and bio-luminescent probes are commonly used for
monitoring a variety of chemical and biological processes, due
to their extremely high sensitivity.1,2 While a fluorescence
imaging method requires a light irradiation procedure for excitation, chemiluminescence assays distinct themselves by the
lack of an external light source, making them particularly
useful for non-invasive intravital optical imaging.3–6
One of the most useful compounds for composing chemiluminescent molecular probes is the Schapp’s adamantly-1,2dioxetane.7–9 This unique molecule has the ability to sustain a
thermally stable dioxetane, in which the chemiexcitation
process occurs via an intramolecular chemically initiated electron exchange luminescence (CIEEL).10,11 This process, triggered by the removal of a phenol masking group by enzymes
or chemical analytes, is applicable for various bioassays.
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However, under physiological conditions, the intensity of the
emitted light measured by Schapp’s dioxetanes is extremely
low. This phenomenon can be attributed to the quenching
eﬀect caused by the presence of water molecules in the
solution.12
Our group has recently evaluated several diﬀerent
approaches for amplifying the light emission signal obtained
by Schapp’s dioxetanes. One approach was based on the integration of the dioxetane unit as a monomeric building block
in a self-immolative polymer. For such polymers, the chemiluminescent output signal intensity and the duration of the light
emission signal were amplified by a factor correlated with the
polymer’s length.13 Another option to achieve signal amplification by Schapp’s 1,2-dioxetanes in water was obtained via an
indirect mode of emission to a conjugated dye. In this
approach, energy transfer from the chemiluminescent dioxetane to a covalently attached highly emissive fluorogenic dye is
taking place.14–16 Recently, a new methodology, developed by
our group, has enabled the improvement in the emissive
nature of the excited species formed during the chemiexcitation.17 This approach led to the discovery of distinct phenoxydioxetane luminophores that presented a signal amplification
via a direct mode of emission. Phenoxy-dioxetane probes were
prepared with various conjugated electron-withdrawing groups
(EWGs) at their ortho position. In such a structural design, the
released benzoate during the chemiexcitation is highly emis-
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Activation pathway of dioxetane probes with direct emission mode suitable for use under aqueous conditions.

sive under aqueous conditions. These new dioxetane luminophores exhibited a light emission intensity of up to 3000-fold
greater than that of the original Schapp’s dioxetanes
(Fig. 1).17,18
So far, in order to improve the emission intensity of the
chemiluminescent signal of the original Schapp’s dioxetane
under aqueous conditions, a combination of a micellar surfactant, a fluorogenic dye, and the dioxetane probe has been
used.19 Furthermore, for allowing the chemiexcitation process
to occur at physiological pH, a chlorine substituent at an ortho
position to the phenol is placed. The incorporation of such an
electron-withdrawing substituent is known to reduce the pKa
of a given phenol.20 This eﬀect leads to the increased formation of a phenolate species and thus accelerates the chemiexcitation at physiological pH.
Here, we show a significant pKa eﬀect of our new phenoxydioxetanes on their chemiexcitation and on their ability to
serve as chemiluminescent turn-ON probes for in vitro and
in vivo use.

Results and discussion

also designed for activation by the enzyme β-galactosidase, has
a chlorine substitution at another ortho position, in addition
to the acrylate.
Both probes presented high light-emission eﬃciency under
physiological conditions. However, when evaluating the
probes’ ability for cell imaging, it was found that only probe 2
could provide high quality chemiluminescence images based
on endogenous enzymatic activity. This observation has promoted us to investigate the influence of the substituent eﬀect
on the chemiexcitation of our luminophores in living cells and
in mice models.
Probe 1 diﬀers from probe 2 merely by the presence of the
additional chlorine substituent. Direct pKa measurement of
the phenoxy-dioxetane is not possible due to the decomposition (through the chemiexcitation mechanism) of the
phenolate species.13 However, measurement of the pKa values
of the emissive species (benzoate esters 1b and 2b) generated
during the chemiexcitation process can be performed by monitoring their fluorescence emission with various pH solutions.
The determination of the pKa values of benzoate esters 1b and
2b is presented in Fig. 3A and B, respectively. The pKa values
for benzoate esters 1b and 2b were found to be 7.75 and 6.14,
respectively.

Recently, we reported the design, synthesis and evaluation of
the new triggerable-dioxetane probes 1 and 2 and their corresponding emissive species formed during the chemiexcitation,
benzoate esters 1b and 2b (Fig. 2). Probe 1 is composed of a
phenoxy-dioxetane luminophore with an ortho acrylate substituent. The probe is equipped with a triggering substrate
designed for activation by the enzyme β-galactosidase. Probe 2,

Fig. 2 Molecular structures of probes 1 and 2 and their corresponding
benzoate ester derivatives.
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Fig. 3 (Top) pKa measurements of benzoate esters 1b (A) and 2b (B),
50 μM, PB, 5% DMSO. Ex: 400 nm, Em: 540 nm. (Bottom)
Chemiluminescence kinetics, 1 μM in 10% DMSO in PB pH 7.4 (C), 5.5
(D), 1.5 EU β-galactosidase.
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Next, we determined the light emission kinetic profile of
probes 1 and 2 in the presence of β-galactosidase at physiological pH (7.4, Fig. 3C) and mild acidic pH (5.5, Fig. 3D). Under
physiological conditions, both probes exhibited a typical
kinetic profile with an increased signal to a maximum, followed by a decay to zero. However, at pH 5.5, probe 2 exhibited
a significantly higher chemiluminescent signal than probe 1
with about 30-fold increase. In addition, the measurements
show a luminescence profile with faster kinetics for probe 2 in
comparison with that for probe 1. These results clearly demonstrate that the lower pKa value observed for probe 2, in comparison with probe 1, enables the chemiexcitation of the
phenoxy-dioxetane to occur in a more acidic environment than
that at physiological 7.4 pH.
We previously showed that some phenoxy-dioxetanes can
undergo slow photo-degradation under normal room illumination conditions. To determine the photostability of probes 1
and 2, both probes were incubated in a buﬀer solution (PB, pH
7.4) and their degradation rate was monitored over a period of
12 hours by a reverse-phase HPLC assay (Fig. 4). Probe 2
exhibited significantly higher photo-stability than probe 1.
After 12 hours of light-exposure, 90% degradation was
observed for probe 1, whereas only 30% degradation was
observed for probe 2. No degradation for any of the probes was
observed when the solutions were kept in the dark.

Fig. 4 Light-induced degradation of probes 1 and 2 under normal
room illumination, 10 µM, 10% DMSO, PB, pH 7.4.
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We then examined the feasibility of probes 1 and 2 to
image endogenous β-galactosidase activity in colon cancer
cells, murine CT26 colon carcinoma cells transfected with the
LacZ gene vs. CT26-WT. Both probes were incubated with
CT26-LacZ or with CT26-WT cells, and their light emission was
monitored (Fig. 5).
Probe 2 produced a strong light emission signal when incubated with the CT26-LacZ cell, while only a negligible signal
was observed in the presence of CT26-WT cells. Remarkably,
the emission signal generated by probe 2 with CT26-LacZ cells
was about 10-fold stronger than that produced by probe 1
while incubated with the same cell line. These results suggest
that the pH environment of the cell, where the probe was activated, had a pH value of around 5–6.
In order to evaluate the ability of probes to image
β-galactosidase activity in vivo, we first sought to enhance their
aqueous solubility by conjugation with a specific peptide.
Accordingly, a CGKRK known peptide was selected due to its
strong solubilizing eﬀect and also tumor homing
properties.21–24 Probes 1a and 2a were designed and synthesized (see the ESI†) in an analogous manner compared to
probes 1 and 2. Both probes were conjugated with a CGKRK
cell-penetrating peptide through a simple maleimide-based
linker (Fig. 6).
We initially compared the total light emission produced
by probes 1a and 2a to that of their analogs, probes 1 and 2
(PB pH 5.5, in the presence of β-galactosidase). The comparison was made under conditions suitable for in vivo studies at
a probe concentration of 100 μM and only 1% DMSO as a cosolvent at 37 °C. Probes 1a and 2a exhibited a significantly
higher maximum intensity signal than that obtained by
probes 1 and 2. Notably, under such conditions, the light
emission signal produced by probe 2a (composed of phenoxydioxetane with a chlorine substituent) was extremely strong
(Fig. 7). The full light-emission kinetic profile obtained by
the four probes under the evaluated conditions is found in
the ESI.†
Probes 1a and 2a were then evaluated for their ability to
image β-galactosidase activity in CT26 tumor-bearing mice.
BALB/c mice were injected intratumorally (IT), using 100 µL of
either 1a or 2a [100 µM] and 1% DMSO, and imaged with a
non-invasive intravital luminescence imaging system Biospace

Fig. 5 Chemiluminescence imaging and signal quantiﬁcation of probes 1 and 2 [5 µM] in CT26-LacZ and CT26-WT cells (the ratio of 1 : 10 is
referred to the signal intensity obtained by probes 1 and 2 in the presence of CT26-LacZ cells).
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Fig. 6 Molecular structure of chemiluminescent probes designed for activation by β-galactosidase and equipped with a solubilizing tumor homing
peptide.

Fig. 7 Maximum intensity signal measured for probes 1, 2, 1a and 2a
[100 µM] upon activation with 1.5 units per mL β-galactosidase in PB,
pH 5.5, 1% DMSO at 37 °C.

Lab PhotonIMAGER™ (Fig. 8A). The emission intensity
measured in the CT26-LacZ tumors treated with probe 2a was
about 20-fold higher than that obtained in the CT26-WT
tumors. The relatively weak signal observed in the WT tumors
can be attributed to the basal levels of β-galactosidase, which
exists in cancer cells (Fig. 8B). The reduced pKa of the
phenoxy-dioxetane enabled the chemiexcitation process to
occur in a relatively acidic tumor microenvironment.25–27
Probe 1a (composed of phenoxy-dioxetane that lacks the chlorine substituent) could hardly produce any signal either in
CT26-LacZ or in WT tumors. We have recently demonstrated a
new chemiluminescent probe for the intravital imaging of
endogenously-produced hydrogen peroxide.28 As far as we
know, this is the first in vivo imaging demonstration of
endogenous enzymatic activity exhibited by a chemiluminescent probe with a direct mode of emission.

Fig. 8 (A) In vivo imaging of endogenous β-galactosidase of CT26 tumors, using probes 1a and 2a. Images of mice were recorded in a Biospace Lab
PhotonIMAGER™ system; 100 µL of 100 µM were injected intratumorally (IT). (B) Normalized values of signal intensities measured for probe 2a with
CT26-LacZ and CT26-WT compared to those for probe 1a with CT26-LacZ.
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Conclusions
In summary, we have investigated the pKa eﬀect of acrylatebased phenoxy-dioxetanes on their chemiexcitation mechanism, in regard to their detection and use in imaging. It was
shown that phenoxy-dioxetane, bearing a chlorine substituent
and an acrylate ortho-substituent, has reduced pKa value,
which enables it to serve as an eﬀective chemiluminescent
probe for the detection and imaging of enzymatic activity
in vitro and in vivo. Furthermore, the presence of a chlorine
substituent significantly improves the photostability of the
dioxetane probe. The probe that exhibited the best detection
activity was composed of a chlorine substituent and an acrylate
ortho-substituent and a conjugated CGKRK tumor homing
peptide. This probe was able to provide the chemiluminescence images of cancer cells in culture and tumor tissues
based on the endogenous enzymatic activity of β-galactosidase.
This is the first demonstration of the intravital imaging of
endogenous enzymatic activity exhibited by a single component phenoxy-dioxetane probe with a direct-mode of emission. We anticipate that our strategy, for the design and synthesis of luminophore-homing peptide-based hybrid probes,
will assist in providing new eﬀective turn-ON probes for noninvasive intravital chemiluminescence imaging techniques.
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