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ARTICLE INFO ABSTRACT

Keywords: Chemiluminescence is a remarkable process in which light is emitted due to a chemical reaction, without the
Chemiluminescence need for photoexcitation. Among some of the most well-known chemiluminescent systems is that of marine
Coelenterazine

Coelenterazine. Herein, we report the synthesis of a novel halogenated Coelenterazine analog, as well as the
characterization of its potential anticancer activity and chemiluminescence. We have found that this analog is
capable of significantly enhanced emission in aqueous solution when triggered by superoxide anion while being
compatible with human cell lines. So, this compound presents great potential for the sensitive and dynamic
sensing of a molecule of interest in biological media. Furthermore, the analysis of its cytotoxicity provided
structural insight into the properties of brominated Coelenterazines, which were previously found to possess
selective anticancer activity. Namely, the introduction of bromine heteroatoms is not enough to provide cyto-
toxicity, while the introduction of electro-withdrawing groups eliminates all previously reported anticancer
activity. Finally, while this compound is not active, its use in a combination approach allowed to improve the
profile of a known chemotherapeutic agent. These results should be useful to guide future optimizations of
halogenated Coelenterazine analogs.

Cancer Therapy
Superoxide Anion
Sensing

Drug Combination

1. Introduction (S1) of the light-emitter, which subsequently decays to the Sy state by

emission of visible light.

Bioluminescence and chemiluminescence are processes in which
thermal energy is converted into excitation energy, leading to the
emission of light [1-3]. While different chemi- and bioluminescent
systems have their specificities, in general light is emitted as the result of
the same two-step process [4-6]. Namely, the reactions typically start
with the oxygenation of the reactant, leading to the formation and
subsequent thermolysis of energy-rich peroxide intermediates. These
thermolysis pathways allow for the thermally-activated singlet ground
state (Sp) to be chemiexcited directly into the first singlet excited state
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While a great number of different chemi- and bioluminescent sys-
tems exist [2,7], Coelenterazine (Chart 1) is one of the most well-known
chemi- and bioluminescent substrates [2,7-9]. More specifically, ~80%
of all bioluminescent organisms are found in the oceans, and most of
them use Coelenterazine and other imidazopyrazinone-based natural
derivatives (as Cypridina and Watasenia luciferins, Chart 1) as biolumi-
nescent substrates [10]. Interestingly, Coelenterazine is capable both of
chemiluminescence (in aprotic solvents or in the presence of superoxide
anion) [11-16], and bioluminescence (in presence of luciferase enzymes
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or photoproteins) [17-20].

One of the most important features of all chemi- and bioluminescent
processes (including that of Coelenterazine and derivatives) is that they
are associated with a diminished probability of autofluorescence arising
from the background signal (increasing the signal-to-noise ratio), as they
do not require photoexcitation [7,8]. Given this, the chemi-/biolumi-
nescent signal can be generated with high sensitivity and almost no
background noise [7,8]. This feature is quite important for different
applications in biological media, leading to the increasing use of chemi-
and bioluminescent systems in sensing [12,15,21-26] and real-time
bioimaging [27-30].

For Coelenterazine, specifically, one of the most recent applications
based on its lack of photoexcitation is its use as the basis for tumor-
selective and self-activating photosensitizers for photodynamic ther-
apy (PDT) of cancer. PDT is a minimally-invasive anticancer therapy
with few side effects and a fast healing rate of healthy tissues [31,32].
More specifically, it consists in the administration of a photosensitizer
that accumulates in tumor tissue. After that, the tumor site is irradiated
with light of specific wavelengths, which photoexcites the photosensi-
tizer from its Sy state to its S one, from which it undergoes intersystem
crossing (ISC) to triplet states (T;). The T; photosensitizer is now able to
interact with molecular oxygen, leading to the formation of the highly
cytotoxic singlet oxygen by energy transfer [31-33]. The advantageous
features of PDT make it an anticancer therapy with significant potential.
However, its dependence on external light sources limits it to superficial
tumors, due to the low penetration depth of light into biological tissues
[34,35]. This dependence also means that PDT is unable to treat meta-
static tumors [35].

Thus, optimization of PDT requires the development of novel tumor-
selective photosensitizers capable of intracellular self-activation without
an external light source. In recent years, members of this team have been
using the chemiluminescent reaction of Coelenterazine as a basis for
such sensitizers [36-39]. More specifically, one of the chemiluminescent
reactions of Coelenterazine is triggered solely by superoxide anion
(without any catalyst/co-factor) [36-39], which is typically overex-
pressed in tumor cells [25]. Furthermore, the chemiluminescent re-
actions of Coelenterazines and other imidazopyrazinones also present a
pathway for Sy — T; ISC [40], despite being considered inefficient given
that this system is known for the effective generation of singlet excited
states [2,7]. Thus, if the efficiency of this ISC step is enhanced, Coe-
lenterazine could directly generate T; states capable of sensitizing
singlet oxygen inside the cell in response to a tumor marker [36-39].

One of the most common strategies to enhance ISC is the introduc-
tion of heavy atoms such as bromine [33]. Given this, members of this
team have been focused on developing Coelenterazine derivatives that
possess bromine heteroatoms at different positions besides presenting
different functionalization degrees [36-39]. Rather interestingly,
different derivatives showed superoxide anion-triggered singlet oxygen
sensitization and presented relevant anticancer activity toward both
prostate and breast cancer, while not inducing toxicity toward non-
cancer cells [36,37]. Thus, these compounds show potential as proto-
typical photosensitizers capable of tumor-selective self-activation
without the need for external light sources, thereby addressing the
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disadvantages of PDT.

One of these Coelenterazine brominated analogs (Cla) was OHBr-Cla
(Chart 2), which maintained the imidazopyrazinone core and the phenol
moiety (where the hydroxyl group acted as an electron donor group,
EDG) while substituting the benzyl and p-cresol moieties by a bromine
heteroatom (a halogen, heavy-atom, and electron-withdrawing group,
EWG) and a methyl group, respectively [36]. Another somewhat similar
Cla compound was Br-Cla (Chart 2), in which the hydroxyl (EDG) group
of the phenol was substituted by a bromine heteroatom (a halogen,
heavy-atom, and EWG), while the p-cresol and benzyl moieties were
replaced by a methyl group and a hydrogen atom, respectively [37,38].
Both compounds presented activity toward both prostate and cancer
cells (ICsg values present in Chart 2), albeit with different magnitudes.
The anticancer activity of OHBr-Cla was not relevant for breast cancer
while being significantly more effective for prostate cancer (Chart 2)
[36]. As for Br-Cla, its activity was very similar for both cancer types
(Chart 2) [37,38].

Herein, our objective is to investigate if we can optimize the anti-
cancer activity of these Cla compounds, as well as to determine how
sensitive their activity is regarding minor structural modifications. To
this end, we have designed and synthesized the novel FBr-Cla (Chart 2),
which was created as a hybrid of both OHBr-Cla and Br-Cla. As in both
compounds, the p-cresol of Coelenterazine is replaced by a methyl group
(Chart 2). As in OHBr-Cla (Chart 2), the benzyl moiety of Coelenterazine
is replaced by a bromine heteroatom (a halogen, heavy-atom, and EWG)
to enhance the Sy — T; ISC pathway during chemiluminescence [37,38].
It should be noted that Br-Cla also possesses a bromine heteroatom for
that purpose but in another position (Chart 2) [37,38]. Finally, as in Br-
Cla (Chart 2), the hydroxyl group of the phenol is replaced by a halogen
and EWG. However, to better evaluate the sensitivity of the compounds
to minor modifications, that halogen is not the heavier bromine, but
instead the lighter fluorine. By adding this heteroatom to that position, it
will also help to assess how changing that group from an EDG to EWG
affects the anticancer activity of OHBr-Cla-like compounds, while not
being masked by the addition of further heavy-atom effects (which
would occur if instead of fluorine, we added a second bromine
heteroatom).

FBr-Cla was subjected to an in-depth luminometric and photo-
physical characterization of its superoxide anion-induced chemilumi-
nescent reaction. Its anticancer activity toward breast and prostate
cancer cell lines (to compare with both Br-Cla and OHBr-Cla) was
evaluated in vitro for the first time, while its safety toward non-cancer
cells was also determined. This approach will then allow us to obtain
further structural insight into the properties of brominated Cla com-
pounds, to guide the development of much-needed self-activating and
tumor-selective photosensitizers for light-free PDT.

2. Materials and methods
2.1. Synthesis of FBr-Cla

The complete description of the synthetic procedure for FBr-Cla can
be found in the Supporting Information. In short, the first step is a
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Chart 1. Molecular structures of Coelenterazine, Cypridina luciferin, and Watasenia luciferin.
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Chart 2. Molecular structures of OHBr-Cla, Br-Cla, and FBr-Cla. EWG refers to electron-withdrawing groups, while EDG refers to electron donor groups. ICs, values

(in pM) were obtained toward prostate and breast cancer cell lines in [36,37].

Suzuki-Miyaura cross-coupling between 4-fluorophenylboronic acid and
commercial 5-bromopyrazin-2-amine in THF, to yield 5-(4-fluo-
rophenyl)pyrazin-2-amine (F-Clm). A bromine heteroatom was added to
F-Clm by addition of N-bromosuccinimide in ethanol, which resulted in
3-bromo-5-(4-fluorophenyl)pyrazine-2-amine (FBr-Clm). Finally, meth-
ylglyoxal was added (in acid media) to form the imidazopyrazinone core
through a cyclization reaction, leading to FBr-Cla. The structural char-
acterization of F-Clm, FBr-Clm, and FBr-Cla was performed by 'H and
13¢ NMR spectroscopy (Figures S1-S3) and FT-MS spectrometry
(Figures S4-S6).

2.2. Luminometric and photophysical investigations

Chemiluminescence kinetic studies were performed in a homemade
luminometer using a Hamamatsu HC135-01 photomultiplier tube
(Hamamatsu, Japan). All reactions took place at room temperature at
least in sextuplicate, with light being integrated and recorded in 0.1 s
intervals. The UV-vis spectra of FBr-Cla were also obtained at room
temperature in a VWR® UV-vis spectrophotometer (UV-3100PC, VWR,
United State) with a quartz cuvette. Fluorescence spectra were measured
with a Horiba Jovin Fluoromax 4 spectrofluorometer (Horiba, Japan)
with an integration time of 0.1 s. Slit widths of 5 nm were used for both
the excitation and emission monochromators. Chemiluminescence
spectra were obtained with the same spectrofluorometer, but with slit
width of 29 nm for the emission monochromator. Quartz cuvettes were
also used for the fluorescence and chemiluminescence spectra.

2.3. Cell, media, and compounds

MRC-5 lung fibroblast, MCF-7 human mammary carcinoma, and PC-
3 human prostate carcinoma cell lines were obtained from the American
Type Culture Collection (ATCC; Manassas, VA, USA), and were grown in
a humidified incubator with 5% CO- at 37 °C in DMEM medium sup-
plemented with 10% fetal bovine serum (FBS) and 1% pen-
icillin-streptomycin (pen-strep) solution. These reagents were
purchased on Millipore Sigma (Merck KGaA, Darmstadt, Germany). The
medium was changed every 96 h.

2.4. Cell viability assay

Cell viability was measured using the MTT (Thiazolyl blue tetrazo-
lium bromine; cat. No. M5655; Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) assay in 96-well plates. For the protocol, 8,000 (MCR-5),
10,000 (MCF-7), and 5,000 (PC-3) cells in 200 pL of medium were grown
per well for 24 h at 37 °C. Then, cells were treated with FBr-Cla in the
following concentrations: 1, 25, 50, and 100 pM. Control cells were
treated with 0.1% methanol (vehicle). The cell viability of the combi-
nation of increasing FBr-Cla (1, 25, 50, and 100 pM) with the ICs of 5-
Fluoroacil (5-FU, 11.79 pM) in PC-3 and MCF-7 cells was also measured.
The controls were treated with 0.1% methanol and 0.1% DMSO
(vehicles).

After incubation for 48 h at 37 °C, cell media were aspirated and 100
pL of MTT solution (0.5 mg/mL in PBS) was added to each well. After
incubation for 3 h at 37 °C protected from light, MTT solution was
removed from each well and 100 pL of DMSO were added to each well to
solubilize the formazan crystals. Absorbance was measured on a Tecan
Infinite M200 plate reader (Tecan Group ltd., Mannedorf, Switerzland)
at 570 nm. Cell viability was calculated relative to the absorbance of
carrier controls. Average values were obtained by performing three in-
dependent cell viability assays (n = 3).

2.5. Morphological analysis

Changes in cell morphology were evaluated after cell treatment
using a Leica DMI 6000B microscope equipped with a Leica DFC350 FX
camera (Leica Microsystems, Wetzlar, Germany). Images were analyzed
with the Leica LAS X imaging software (v3.7.4) (Leica Microsystems,
Wetzlar, Germany).

2.6. Statistical analysis

Cell viability graphs were obtained using the software GraphPad
Prism 9 (GraphPad Software Inc., San Diego, CA, USA) after conducting
three independent experiments (n = 3). Results are represented as the
mean + SEM for n experiments performed. Statistical analysis was
performed with one-way ANOVA tests by Dunnett’s multiple compari-
sons between control and treatment groups. Results were considered
statistically significant for p values < 0.05.

3. Results and discussion
3.1. Chemistry and photophysical characterization of FBr-Cla

The proposed Cla compound was obtained by an initial Suzuki-
Miyaura cross-coupling reaction between 4-fluorophenylboronic acid
and commercial 5-bromopyrazin-2-amine. The resulting intermediate
was halogenated to introduce a bromine heteroatom in ortho to the
amine group, which was followed by a cyclization step with addition of
methylglyoxal to yield FBr-Cla. This procedure was already validated
and optimized by members of this team for obtaining several Cla com-
pounds [12,36-38]. The structures of FBr-Cla and the synthesis in-
termediates were confirmed with both 'H/!3C NMR and FT-MS
spectroscopy (Figures §1-S6).

The absorption spectrum of FBr-Cla in aqueous solution is presented
in Fig. 1. This spectrum is composed of sharp and more intense ab-
sorption bands in the ~200-230 nm range. Two more peaks can be
found at ~260 and ~350 nm, while a shoulder at ~ 400 nm is also
observed. In Fig. 1 is also presented the 2D excitation-emission matrix
(EEM) contour plot for FBr-Cla, also in aqueous solution. This compound
presents two emissive centers, but with the same fluorescence wave-
length maximum (~425 nm). The two centers result from two different
excitation bands, with maxima at ~270 and ~340 nm, which overlap
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Fig. 1. UV-vis spectrum (top) and 2D excitation-emission (EEM) contour plot
(bottom) for FBr-Cla (30 pM) in aqueous solution.

with the absorption bands present in the UV-vis spectrum of this com-
pound. Thus, the different emissive centers should result only from
excitation to different excited states, which are converted into the same
lowest singlet excited state (as stated by Kasha’s rule). The photo-
physical properties found here are quite similar to those of another Cla
previously synthesized by us (the main difference is that the emission of
FBr-Cla is ~25 nm blue-shifted), which is similar to FBr-Cla, with the
only difference being replacing the fluorine heteroatom with a methoxy
group [12].

3.2. Luminometric investigation into the chemiluminescence of FBr-Cla

The first step of the luminometric investigation was to measure the
chemiluminescence kinetic profile of FBr-Cla in the aprotic solvent N,N-
dimethylformamide (DMF), in which Coelenterazine and derivatives are
known to readily generate chemiluminescence by reacting with dis-
solved oxygen [13,41,42]. These measurements were performed in
acidic, neutral, and basic pH, in conditions usually utilized in studies
regarding chemiluminescence [12,13,36-38,41-44]. More specifically,
measurements in basic pH were performed by the addition of NaOH (0.1
M), in neutral pH by adding phosphate buffer pH 7.4 (75 mM), and in
acidic pH by adding sodium acetate buffer pH 5.2 (1%).

The chemiluminescence kinetic profiles (light-emission as a function
of time), while normalized, are shown for different pH values in Fig. 2.
We can see that the addition of DMF to FBr-Cla induces a very quick
initial burst of light, which reaches maximum values under a minute.
Thus, the new derivative is still chemiluminescent, despite its structural

Journal of Photochemistry & Photobiology, A: Chemistry 434 (2023) 114228

1.20E+00

—Acetate Buffer ——Phosphate Buffer ——NaOH

1.00E+00
8.00E-01
6.00E-01

4.00E-01

Normalized Intensity

2.00E-01

0.00E+00

-10 10 30 50 70 90 110 130 150 170 190 210 230
Time (s)

1.20

—Acetate Buffer ——Phosphate Buffer ——NaOH

1.00
0.80
0.60

0.40

Normalized Intensity

0.20

-

-10 10 30 50 70 90 110 130 150 170 190 210 230
Time (s)

0.00

Fig. 2. Normalized chemiluminescence kinetic profile (top) for FBr-Cla in DMF
with addition of either sodium acetate buffer pH 5.2 (1%), phosphate buffer pH
7.4 (75 mM), or NaOH (0.1 M). Normalized chemiluminescence kinetic profile
(bottom) for FBr-Cla in aqueous solution with addition of either sodium acetate
buffer pH 5.2 (1%), phosphate buffer pH 7.4 (75 mM), or NaOH (0.1), in the
presence of 10 mg of potassium superoxide. All assays depicted here were
performed for a final volume of 500 pL and a concentration of either 10 (in
DMF) or 5 pM (in aqueous solution) for FBr-Cla.

modifications. Interestingly, while the profiles found at acidic and
neutral pH are almost identical, they show relevant differences from the
profile obtained at basic pH. Namely, at basic pH, the profile is a
somewhat typical flash profile, with a quick decay after reaching the
light-emission maximum. However, at lower pH, the decay is relevantly
lower. Thus, the chemiluminescence of FBr-Cla appears to be pH-
sensitive.

A quantitative evaluation of the chemiluminescence output was
made by measuring the light-emission intensity maxima (in relative

Table 1

Light-emission intensity maxima (in RLU), area of emitted light (in RLU), initial
velocities (in RLU/s), and half-life (in s) for the chemiluminescence reactions of
FBr-Cla in DMF with the addition of either sodium acetate buffer pH 5.2 (1%),
phosphate buffer pH 7.4 (75 mM), or NaOH (0.1 M). Assays were performed for a
final volume of 500 pL and a FBr-Cla concentration of 10 pM. Typical integration
times for measurements were 0.1 s.

Solvent Emission Emission Area Initial Half-
Intensity (RLU) Velocities life (s)
(RLU) (RLU/S)
DMF + acetate  1.05 x 10* + 2.18 x 10° + 3.33 x 10% + 3442
buffer 8.42 x 10% 1.75 x 10° 3.12 x 10% + 26
DMF + 1.09 x 10* + 1.93 x 10° + 1.27 x 10* + 5622
phosphate 1.15 x 10° 1.34 x 10° 4.21 x 10° + 63
buffer
DMF + NaOH 1.45 x 10* + 1.59 x 10° + 1.50 x 10* + 731+
6.37 x 10% 3.81 x 10* 2.47 x 10° 4.7

“Integration times of 1 s.
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light units, RLUs) and calculated area of light emission (in RLU), which
are presented in Table 1 [11-14]. The initial velocities (RLU/s) and half-
lives (s) of chemiluminescence emission were also determined (Table 1).
Initial velocities are obtained by the increase in light production over the
first milliseconds after the start of the reaction in the linear range of the
chemiluminescence profile [12,45,46].

There are no great variations in magnitude in the light-emission
maxima as a function of pH. Nevertheless, there is a relative increase
in the maximum intensity with increasing pH, which is interesting as it
has the opposite effect to what is typically observed for Coelenterazine
and derivatives [11,42,44]. However, FBr-Cla still follows the typical
behaviour of this type of compound in terms of initial velocities, as this
parameter increases with increasing pH [11,42,44]. Interestingly, the
half-life of chemiluminescence emission for these compounds is also
somewhat pH-sensitive, since this parameter is relevantly higher at
acidic-neutral pH (344-562 s) than at basic pH (73.1 s). Nevertheless,
the higher half-life is found at neutral pH, meaning that pH is not the
sole determining factor regarding the chemiluminescence half-life of
FBr-Cla. It should be noted that while typical measurements were ob-
tained with integration times of 0.1 s, the longer half-life at lower pH
made it necessary to obtain this parameter with higher integration times
(1 s). Longer half-life values should be useful for analytical/imaging
purposes, as they should facilitate the detection of the analytical signal.
Interestingly, the calculated areas of light emission decrease somewhat
with increasing pH, which is contrary to the results of emission intensity
(Table 1). Given this, and the behaviour of initial velocities, we can
conclude that the kinetics of the CL reaction at basic pH are quicker,
which result in a faster and more intense initial burst of light but does
not result in a higher light output [12]. The behaviour of calculated area
as a function of pH is more in line with was found previously for Coe-
lenterazine and derivatives [11,12,42,44], and could be related with the
chemical equilibria of the dioxetanone intermediate. That is, there is
some evidence that neutral dioxetanone (which could be expected to be
found at neutral pH) leads to more efficient chemiexcitation than its
anionic counterpart (which could be expected to be found at basic pH)
[11,13,41].

The chemiluminescence spectra of FBr-Cla was measured in DMF
with addition of either sodium acetate buffer pH 5.2 (1%) or NaOH (0.1
M), which can be found in Fig. 3. The spectra consist of a single band at
both pH conditions, with emission at basic pH being slightly blue-shifted
(~440 nm) than at acidic pH (~460 nm). Another relevant difference
between spectra is that the band at acidic pH is somewhat broad and less
well-defined, to the contrary of the band found at basic pH (which is
well-defined). One potential explanation for these pH-induced
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Fig. 3. Normalized chemiluminescence spectra for FBr-Cla in DMF with addi-
tion of either sodium acetate buffer pH 5.2 (1%), or NaOH (0.1 M).
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differences is that there could be two emitters, one at each pH condition,
which is not strange for imidazopyrazinone-based molecules and is
related with the chemical equilibria of the amide group of the Coe-
lenteramide light-emitter [8,12,13]. In fact, a similar analog to FBr-Cla,
in which fluorine is replaced by a methoxy group [12], showed dual
emission at acidic pH (~410 and ~ 460 nm), while only a single band
was found at basic pH (~460 nm).

The next step of this study was then to assess if superoxide anion can
trigger the chemiluminescent reaction of FBr-Cla in aqueous solution. To
perform this evaluation, the chemiluminescence kinetic profile of FBr-
Cla was obtained in the presence of increasing amounts of potassium
superoxide. This latter molecule is a typical source of superoxide anion
in protic solvents, having already been used with success in the study of
Cla compounds [12,37,38]. These measurements were made at different
pH ranges, by addition of sodium acetate buffer pH 5.2 (1%), phosphate
buffer pH 7.4 (75 mM), and NaOH (0.1 M). The normalized and repre-
sentative chemiluminescent kinetic profiles at different conditions (in
the presence of 10 mg of superoxide anion) are presented in Fig. 2.

It should be noted that the kinetic profiles found in the presence of
superoxide anion and in aprotic solvents (Fig. 2) can be quite different,
as chemiluminescence tends to decay quicker in the former conditions.
This can be attributed to the known instability of superoxide anion in
aqueous solution, which is explained by strong solvation and sponta-
neous disproportionation [47,48]. Interestingly, the kinetic profiles in
aqueous solution at acidic and neutral pH are almost identical, with a
clear and sharp flash profile. This is not the case at basic pH, in which the
light-emission maximum is achieved rather quickly, but the light decay
is slower and almost shaped like a plateau.

A quantitative evaluation of the chemiluminescent reactions moni-
tored in aqueous solution was performed by measuring the light-
emission intensity maxima (in RLU), calculated area of light emission
(in RLU) and initial velocities (in RLU/s), which are presented in
Table 2. In these conditions, the light-emission decay is too quick to
allow for the proper determination of half-life values [12]. The results
indicate a relevant and similar pH-sensitivity for both parameters. More
specifically, the light-emission is significantly more intense with
decreasing pH (both in terms of emission intensities and areas), while
also being more efficient (according to the initial velocities). These re-
sults point to the chemiluminescent reaction, by itself, of FBr-Cla being
more efficient at acidic pH. While the calculated area varied with pHina
similar manner in both aqueous solution and DMF, the emission in-
tensities did not. This means that while part of this behaviour is related
with intrinsic features of this chemiluminescent reaction, there are as-
pects that should be specific to superoxide anion-induced chem-
iluminescence in aqueous solution. For example, part of the enhancing
effect of pH in aqueous solution could be directly related with the
interaction between FBr-Cla and superoxide anion. Namely, it is ex-
pected that at more basic pH the imidazopyrazinone core becomes
negatively charged, by the deprotonation of the NH group (Chart 1 and
Chart 2) [37]. This could impair its interaction with the also negatively
charged superoxide anion. In fact, this is what we observe in Fig. 2 and
Table 2, with the reaction being less efficient and slower.

Interestingly, the chemiluminescence of FBr-Cla is sensitive to the
amount of superoxide anion at all considered pH ranges (Table 2).
Namely, increasing amounts of superoxide anion leads to the decrease of
both the light-emission maxima intensity and initial velocities, at all pH
ranges. Given that this is observed at different pH values, this feature
should be an intrinsic characteristic of the system, and not dependent on
different ionization states. Furthermore, as superoxide anion is a mild
oxidant, these results indicate that FBr-Cla might be sensitive to over-
oxidation by superoxide anion. Nevertheless, these results show that
the chemiluminescence of FBr-Cla can be triggered (in a dose-dependent
manner) by a general cancer marker (superoxide anion) [25].

To better assess the effect of our structural modifications on the
intrinsic ability of imidazopyrazinones to be triggered by superoxide
anion, we have also compared the chemiluminescence of FBr-Cla with
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Table 2

Light-emission intensity maxima (in RLU), area of emitted light (in RLU) and
initial velocities (in RLU/s) for the chemiluminescence reactions of FBr-Cla in
aqueous solution with the addition of either sodium acetate buffer pH 5.2 (1%),
phosphate buffer pH 7.4 (75 mM), or NaOH (0.1 M). Assays were performed for a
final volume of 500 pL and a FBr-Cla concentration of 5 pM, as well as different
amounts of potassium superoxide (5-15 mg).

Acetate Buffer

Potassium Emission Emission Area Initial Velocities
superoxide (mg) Intensity (RLU) (RLU) (RLU/s)
5 5.82 x 10° + 1.37 x 10° + 1.05 x 10° +
2.79 x 10* 1.68 x 10° 9.92 x 10*
10 3.72 x 10° + 3.64 x 10° + 1.16 x 10° +
2.80 x 10* 2.66 x 10° 1.21 x 10°
15 414 x 10° + 478 x 10° + 9.87 x 10° +
3.17 x 10* 2.18 x 10* 1.06 x 10°
Phosphate Buffer
Potassium Emission Emission Area Initial Velocities
superoxide (mg) Intensity (RLU) (RLU) (RLU/s)
5 3.17 x 10° + 1.01 x 10° + 6.85 x 10° +
1.49 x 10* 1.07 x 10° 1.45 x 10°
10 2.09 x 10° + 1.70 x 10° + 6.05 x 10° +
1.60 x 10* 2.87 x 10* 1.12 x 10°
15 7.38 x 10* + 3.29 x 10° + 2.79 x 10° +
8.52 x 10° 2.33 x 10* 6.10 x 10*
NaOH
Potassium Emission Emission Area Initial Velocities
superoxide (mg) Intensity (RLU) (RLU) (RLU/s)
5 7.67 x 10% + 1.21 x 10° + 1.19 x 10° +
2.72 x 10! 5.27 x 10° 2.39 x 10%
10 7.90 x 10% + 1.27 x 10° + 1.47 x 10° +
1.60 x 10! 2.93 x 10° 4.06 x 10%
15 6.38 x 10% + 7.66 x 10* + 1.67 x 10° +
3.75 x 10! 6.31 x 10° 1.51 x 10?

that of natural Coelenterazine (Chart 1). The chemiluminescence of
Coelenterazine was also measured in aqueous solution with increasing
amounts of superoxide anion. Measurements were performed at
different pH values, by addition of either sodium acetate buffer pH 5.2
(1%), phosphate buffer pH 7.4 (75 mM), or NaOH (0.1 M). The repre-
sentative chemiluminescence kinetic profiles at different pH in aqueous
solution (in the presence of 10 mg) can be found in Fig. 3. We can
already see some relevant differences regarding FBr-Cla (Fig. 2).
Namely, while the profiles at acidic and basic pHs are similar between
molecules, for natural Coelenterazine the profile at neutral pH is not
identical to that obtained at acidic pH. Instead, that profile is somewhat
a mixture between the profiles found at acidic and basic pH, as it does
not present a sharp flash profile (as in acidic pH) but its decay is not so
slow as found at basic pH. These results could indicate that the pKa of
natural Coelenterazine is lower than that of FBr-Cla, meaning that its
deprotonation starts to occur at neutral pH.

To verify if natural Coelenterazine presents the same relative
response toward superoxide anion as toward FBr-Cla (decreasing emis-
sion with increasing superoxide anion), we plotted the light-emission
intensity maxima of these imidazopyrazinones as a function of super-
oxide anion (Fig. 4), in aqueous solution in the presence of sodium ac-
etate buffer pH 5.20 (1%). The light-emission intensities were presented
as ratios, with the intensities obtained for each compound in the pres-
ence of 5 mg of superoxide anion used as reference. Interestingly, while
both imidazopyrazinones possess dose-dependent responses, these are
the opposite of each other. Namely, the light-emission intensity of
Coelenterazine increases with increasing amounts of superoxide anion,
while that of FBr-Cla decreases. These results once again point to FBr-Cla
being sensitive to over-oxidation by superoxide anion.

A quantitative comparison between the light-emission efficiencies of
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Fig. 4. Normalized chemiluminescence kinetic profile (top) for Coelenterazine
in aqueous solution with addition of either sodium acetate buffer pH 5.2 (1%),
phosphate buffer pH 7.4 (75 mM), or NaOH (0.1 M), in the presence of 10 mg of
potassium superoxide. Chemiluminescence intensity ratios (bottom) for the
reactions of both FBr-Cla and Coelenterazine in aqueous solution with addition
of sodium acetate buffer pH 5.2 (1%), in the presence of increasing amounts of
potassium superoxide (5 to 15 mg). The chemiluminescence intensities for each
molecule in the presence of 5 mg of potassium superoxide were used as refer-
ence for both molecules. All assays depicted here performed for a final volume
of 500 pL and a concentration of 5 pM for Coelenterazine and FBr-Cla.

FBr-Cla and Coelenterazine was performed by calculating the ratios
(@ff;’lt;ﬂzﬂw) for the light-emission maxima intensities found in aqueous
solution (Table 3). Interestingly, we obtained quite relevant ratios (from
3.61 x 10° to 2.70 x 10%) in all pH values, which demonstrate that the
superoxide anion-triggered chemiluminescence of FBr-Cla in aqueous
solution is significantly enhanced in comparison with natural Coe-
lenterazine. It should be noted that chemiluminescence reactions tend to
present lower light-emitting intensities in aqueous solution due to en-
ergy loss to water molecules [49,50], with Coelenterazine not being an
exception [14].

These very high ratios indicate that the structural modifications we
made on the imidazopyrazinone core of Coelenterazine allow us to
overcome this problem, thereby allowing for enhanced emission in
aqueous solution, which could be very useful for superoxide anion-
related sensing and imaging in biological media. In fact, besides being
overexpressed in cancer cells, the unbalance of superoxide anion can
also lead to deleterious health conditions such as inflammation and
chronic granulomatous disease [51,52]. Superoxide anion is also
involved in intra- and intercellular signalling pathways [53]. Thus, the
sensitive and dynamic sensing of superoxide anion is required, with
natural Coelenterazine already being validated as a suitable chemilu-
minescent probe [15,25,26]. Thus, the very enhanced emission of FBr-
Cla indicates that this type of compound could serve as a basis for
improving chemiluminescent probes in biological media. It should be
noted that these results are similar to those found for a derivative of FBr-
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Table 3
Measured ratios between the obtained light-emission intensity maxima (in RLU)
for the chemiluminescence reactions of FBr-Cla and Coelenterazine
FBr — Cla
Coelenterazine
buffer pH 5.2 (1%), phosphate buffer pH 7.4 (75 mM), or NaOH (0.1 M). Assays
were performed for a final volume of 500 pL and a concentration of 5 M for both
imidazopyrazinones, as well as different amounts of potassium superoxide
(5-15 mg).

) in aqueous solution with the addition of either sodium acetate

Acetate Buffer

Potassium superoxide (mg)

Emission Intensity (RLU)

5
10
15

Phosphate Buffer

2.70 x 10° £ 5.45 x 102
1.23 x 10 3 + 1.61 x 10?
1.25 x 10® £ 1.79 x 10?

Potassium superoxide (mg)

Emission Intensity (RLU)

5
10
15

NaOH

2.12 x 102 £ 2.67 x 10!
3.21 x 10! + 5.34 x 10°
3.51 x 10" £ 8.20 x 10°

Potassium superoxide (mg)

Emission Intensity (RLU)

5
10
15

3.61 x 10° £ 7.65 x 107!
4.47 x 10° + 6.63 x 107!
4.37 x 10° + 7.15 x 107!

Cla, with the only difference being the replacement of the fluorine
heteroatom with a methoxy group [12]. These results indicate that the
reason for this enhanced emission in aqueous solution could be related
to the presence of an EWG group in the phenyl moiety and/or a bromine
heteroatom directly attached to the imidazopyrazinone core [12].
Further investigation in this matter should be pursued in the future.

3.3. In vitro evaluation of the cytotoxicity of FBr-Cla

Having demonstrated that FBr-Cla is capable of being triggered by
superoxide anion, an overexpressed cancer marker [25], our next step
was then to evaluate its cytotoxicity toward different cancer cell lines:
breast and prostate. As indicated before, FBr-Cla was designed as a
hybrid between two different Cla compounds (Chart 2), which previ-
ously showed activity toward these cancer cell lines [36,37]. Compared
with OHBr-Cla, the main difference is the presence of an EWG group
instead of an EDG one in the phenyl moiety (Chart 2). Compared with
Br-Cla, the main difference is the inclusion of a non-heavy-atom as EWG
in the phenyl moiety and the presence of a heavy atom directly attached
to the imidazopyrazinone core (Chart 2).

The first step of this evaluation was first to assess the safety and
compatibility of FBr-Cla with non-cancer cells. Namely, lung fibroblast
MCR-5 cell lines. The cytotoxicity of FBr-Cla toward these cells was
measured with the standard MTT assay for exposure times of 48 h and a
large concentration range of 1 to 100 pM (Fig. 5). Changes in cell
morphology were observed by microscopy (Figure S7). Interestingly,
FBr-Cla did not induce any toxicity toward MCR-5 (supported by anal-
ysis of cell morphology), which shows that this compound is compatible
with non-cancer cells.

A similar analysis was also performed for both breast cancer MCF-7
(Fig. 5 and S8) and prostate cancer PC-3 (Fig. 5 and S9) cell lines. For
breast cancer, FBr-Cla did only induce slight toxicity at the higher
concentration of 100 pM. For prostate cancer, FBr-Cla was essentially
inactive. Thus, these results indicate that FBr-Cla should be considered
as not possessing anticancer activity, contrary to other brominated Cla
compounds developed by members of this team [36-38]. Nevertheless,
and despite being negative, these results provide much-needed struc-
tural insight into the anticancer activity of brominated Cla compounds.
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Fig. 5. Effect of FBr-Cla on the cellular viability of non-cancer lung fibroblast
MCR-5 (top), breast cancer MCF-7 (middle), and prostate cancer PC-3 (bottom)
cell lines. Cells were treated with vehicle (methanol) and increasing concen-
trations (0-100 pM) of FBr-Cla for 48 h and cell viability was assessed by the
MTT assay. Data is given as the mean + SEM (n = 3). * Statistically significant
vs control (vehicle) at p < 0.05.

For instance, the absence of activity of FBr-Cla in comparison with Br-
Cla (Chart 2), which presented ICsg values of ~22-24 pM for these
cell lines [38], shows that the presence of bromine heteroatoms is not
enough by itself for inducing anticancer properties to these compounds
[36-38]. When comparing FBr-Cla (no activity) with that of OHBr-Cla
(ICsp of 3.95 uM for prostate cancer) [36], it is possible to see that
changing an EDG for an EWG group in the phenyl moiety is enough to
eliminate all anticancer activity. Thus, OHBr-Cla-based compounds
appear to possess a relevant sensitivity to small structural modifications.
These insights should be useful for the future development of novel Cla-
based compounds with anticancer activity. Especially if it is found why
changing an EDG for an EWG group in the phenyl moiety of Cla com-
pounds has a so relevant effect on the anticancer activity.

It should be noted that the anticancer activity of OHBr-Cla and Br-Cla
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(Chart 2) [36-38], among others, was attributed to the enhanced gen-
eration of triplet states during their chemiluminescent reactions
[36-38], which should then sensitize the highly cytotoxic singlet oxygen
by energy transfer with molecular oxygen. By its turn, the enhanced
generation of triplet states was to be achieved by the heavy-atom effect,
due to the inclusion of bromine heteroatoms [33]. However, as shown in
Table 3, the light-emission intensity maxima of FBr-Cla in aqueous so-
lution is significantly enhanced. This points to this chemiluminescent
reaction producing low triplet-to-singlet product ratios, as triplet states
are easily quenched in solution. Thus, these data point to the absence of
anticancer activity of FBr-Cla being the result of this compound being
unable to generate triplet states (in appreciable yields) during its
chemiluminescent reaction, despite the inclusion of bromine
heteroatoms.

It should also be stated that these in vitro assays demonstrate the
compatibility of FBr-Cla toward both non-cancer and cancer cells,
especially at lower concentrations, which is beneficial for future uses of
this type of molecule as a sensitive and dynamic probe for superoxide
anion in biological media (as supported by its enhanced emission in
aqueous solution).

Finally, one of the most promising strategies for increasing the effi-
ciency of anticancer drugs is combination therapy, in which more than
one molecule or modality is used to treat a single disease [54,55]. The
combination of molecules/modalities can present relevant advantages,
such as requiring lower dosages for achieving an equal or even high level
of efficiency, which can be quite important to reduce the side effects of
therapy [56]. Given this, we have also evaluated how increasing con-
centrations of FBr-Cla could affect the anticancer activity of the known
chemotherapeutic agent 5-fluorouracil (5-FU). More specifically, we
evaluated the cellular viability of both breast and prostate cancer cell
lines in the presence of increasing concentrations of FBr-Cla and at the
ICsp concentration of 5-FU (11.76 pM). Cellular viability was assessed
with the standard MTT assay for an exposure period of 48 h. Results are
presented in Fig. 6. Analysis of changes in cell morphology was found in
Figures S10 and S11.

Increasing the concentration of FBr-Cla does not lead to great vari-
ations in the cellular viability of either cancer cell line (Fig. 6), as ex-
pected given the lack of anticancer activity of this compound. In fact, the
decrease in cell viability that is indeed observed could be attributed to 5-
FU. However, it can be seen that combining FBr-Cla with 5-FU does lead
to some minor improvement in the profile of the chemotherapeutic
agent (Fig. 6). This means that adding FBr-Cla could decrease the dosage
of 5-FU required for a given effect. This is an interesting result, given the
compatibility of FBr-Cla for non-cancer cells (Fig. 5). Thus, while FBr-
Cla does not present relevant anticancer activity by itself, its use in a
combination approach does lead to some improvement in the profile of a
known chemotherapeutic agent.

4. Conclusion

Here, we have described the synthesis and characterization of a new
Coelenterazine brominated analog, FBr-Cla, which consisted of the
imidazopyrazinone core functionalized with a fluorophenyl moiety, a
bromine heteroatom, and a methyl group. This compound was found to
be capable of pH-sensitive chemiluminescence, both in aprotic and
protic (when triggered by superoxide anion) solvents. Relevantly, FBr-
Cla was shown to possess a rather enhanced superoxide anion-induced
chemiluminescence in aqueous solution, when in comparison with
natural Coelenterazine.

Evaluation of the in vitro cytotoxicity of FBr toward both non-cancer
(lung fibroblasts) and cancer (breast and prostate cells) revealed that
this compound does not possess by itself relevant anticancer activity. In
fact, it is compatible with both cancer and non-cancer cells. This analysis
demonstrated that the addition of bromine heteroatom is not enough to
introduce anticancer activity to this class of Coelenterazine derivatives.
Furthermore, our results also showed that changing an electron-
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Fig. 6. Effect of combining FBr-Cla (1 to 100 pM) and 5-FU (11.76 pM) on the
cellular viability of breast MCF-7 (top) and prostate PC-3 (bottom) cancer cell
lines. Cells were treated with vehicle (methanol and DMSO) and increasing
concentrations (0-100 pM) of FBr-Cla for 48 h and cell viability was assessed by
the MTT assay. Data is given as the mean + SEM (n = 3). * Statistically sig-

nificant vs control (vehicle) at p < 0.05. **** Statistically significant vs control
(vehicle) at p < 0.0001.

donating group by an electron-withdrawing one in the phenyl moiety
is enough to eliminate all anticancer activity previously observed.
Interestingly, while FBr-Cla has no appreciable anticancer activity, its
use in a combination approach was able to improve the profile of a
known chemotherapeutic agent.

In summary, in this study we reported a novel Coelenterazine analog
with enhanced emission in aqueous solution when triggered by super-
oxide anion, and which is compatible with both non-cancer and cancer
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cells. This compound has the potential to be used in the future as the
basis for sensitive and dynamic chemiluminescent probes for superoxide
anion in biological media. Moreover, we reported findings that allowed
us to obtain relevant structural insight into the anticancer activity of
brominated Coelenterazine analogs, which were found before to be
capable of selective anticancer activity. This information should be
useful to guide future optimizations of this system.
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