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Abstract

:

Superoxide anion is a reactive oxygen species (ROS) of biological interest. More specifically, it plays a role in intra- and intercellular signaling, besides being associated with conditions such as inflammation and cancer. Given this, efforts have been made by the research community to devise new sensing strategies for this ROS species. Among them, the chemiluminescent reaction of marine Coelenterazine has been employed as a sensitive and dynamic probing approach. Nevertheless, chemiluminescent reactions are typically associated with lower emissions in aqueous solutions. Herein, here we report the synthesis of a new Coelenterazine derivative with the potential for superoxide anion sensing. Namely, this novel compound is capable of chemiluminescence in a dose-dependent manner when triggered by this ROS species. More importantly, the light-emission intensities provided by this derivative were relevantly enhanced (intensities 2.13 × 101 to 1.11 × 104 times higher) in aqueous solutions at different pH conditions when compared to native Coelenterazine. The half-life of the chemiluminescent signal is also greatly increased for the derivative. Thus, a new chemiluminescence molecule with significant potential for superoxide anion sensing was discovered and reported for the first time.
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1. Introduction


Chemiluminescence (CL) is the conversion of thermal energy into excitation energy, leading to the emission of visible light due to a chemical reaction [1,2]. Bioluminescence can be considered as a sub-type of CL related to living organisms and catalyzed by an enzyme [1,2]. Typically, CL reactions involve the formation of a peroxide-based high-energy intermediate, the subsequent exothermic decomposition of which allows for direct chemiexcitation into singlet excited states [2,3,4,5].



One of the most remarkable properties of both CL and BL reactions is that, since they do not require photoexcitation to generate the light-emitter, they present a diminished probability of autofluorescence arising from a background signal (increasing the signal-to-noise ratio) [6,7] and thus allow for the generation of luminescent signals with high sensitivity and almost no background noise [8], which can be particularly useful for applications in biologic media. In fact, both CL and BL have been gaining practical applications in fields as different as real-time imaging [9,10,11] and cancer therapy [12,13,14]. Nevertheless, the most widespread use of CL and BL substrates/reactions is arguably in sensing applications [15,16,17,18,19,20].



Among existent CL/BL substrates, Coelenterazine (Clz, Scheme 1) is one of the most well-known and studied [1,2,21,22,23,24,25,26]. Around 80% of all bioluminescent organisms are present in the oceans and the majority of them employ Clz and other related imidazopyrazinones as BL substrates [27]. Clz itself is capable both of BL (in the presence of either luciferase enzymes or photoproteins) [2] and CL (triggered by oxygenation without an enzyme/photoprotein) [28,29,30]. The CL and BL reactions of Clz generally follow a two-step mechanism [1,2,12,13,14,21,22,23,24,25,26,27,28,29,30]: there is an oxygenation of the imidazopyrazinone core leading to the formation of the high-energy peroxide intermediate, dioxetanone, which is quite unstable and undergoes thermolysis almost instantly. During this decomposition, the reacting molecules can cross directly to singlet excited states, thereby generating the chemiexcited light-emitter Coelenteramide (Clmd, Scheme 1).



Interestingly, Clz can undergo CL in aqueous solutions in the presence of superoxide anion (Scheme 2) [31]. Superoxide anion acts as a trigger of the CL reaction, enabling the oxygenation step, thereby generating the dioxetanone intermediate and subsequently the chemiexcited Clmd chemiluminophore. This feature of the Clz system is quite interesting due to the biological roles that the superoxide anion can play. Namely, the superoxide anion and other reactive oxygen species (ROS) are involved in intra- and intercellular signaling pathways, affecting several cellular events such as cell proliferation and apoptosis [32]. Furthermore, while the quantity of superoxide anion and other ROS is typically regulated by the enzymatic machinery of cells, an unbalance can lead to deleterious health conditions such as inflammation and cancer [33]. This loss of the enzymatic ability to produce superoxide anion could also lead to chronic granulomatous disease [34]. Given this, it is not surprising that different authors have been trying to utilize Clz and derivatives as CL-based chemosensors for superoxide anion determination in general, and in biological media specifically [29,35,36,37]. These studies have then validated the use of Clz as a reliable approach for the sensitive and dynamic sensing of superoxide anion [29]. However, CL reactions tend to possess lower light-emitting intensities in aqueous solution due to energy loss to water molecules [38,39], and Clz is not an exception [28]. Thus, superoxide anion sensing would benefit from Clz-based CL reactions with enhanced emission in aqueous solutions.



In recent years, our group has been focused on providing new properties and features to the CL system of Clz [12,13]. More specifically, we have developed different Clz analogs (Cla compounds) that showed tumor-selective anticancer activity when triggered by superoxide anion. Based on this experience, here we report a novel Cla compound, MeOBr-Cla (Scheme 1), in which the phenol group of Clz is replaced by a methoxyphenyl moiety, the p-cresol by a hydrogen atom, and the benzyl group by a bromine heteroatom. This compound was shown to be able to undergo CL when triggered by superoxide anion in aqueous solution while showing significantly enhanced emission in comparison with Clz. Thus, this novel derivative shows the potential to be considered a prototypical system for the enhanced sensing of superoxide anion by CL methodologies.




2. Materials and Methods


2.1. Synthesis


The synthesis of MeOBr-Cla was performed by employing synthetic routes already validated by our team [12,13]. The description of the followed procedures can be found in detail in the Supporting Information. Shortly, the synthesis started with a Suzuki–Miyaura cross-coupling reaction between commercial 5-bromopyrazin-2-amine and (4-methoxyphenyl)boronic acid in the presence of K2CO3, to generate the intermediate 5-(4-methoxyphenyl)pyrazin-2-amine (MeO-Clm). The bromination of MeO-Clm was performed by the addition of N-bromosuccinimide in ethanol to yield 3-bromo-5-(4-methoxyphenyl)pyrazin-2-amine (MeOBr-Clm). Finally, the formation of the imidazopyrazinone core is achieved upon the reaction of MeOBr-Clm with methylglyoxal in acid media to yield MeOBr-Cla. The structural characterization of MeO-Clm, MeOBr-Clm, and MeOBr-Cla was performed by 1H and 13C NMR spectroscopy (Figures S1–S3) and FT-MS spectrometry (Figures S4–S6).




2.2. Luminometric and Spectroscopy Characterization


UV-Vis spectroscopy assays were performed at room temperature in a VWR® UV-Vis Spectrophotometer (UV-3100PC) with a quartz cuvette. Fluorescence spectra were measured with a Horiba Jovin Fluoromax 4 spectrofluorometer, with an integration time of 0.1 s. Slit widths of 5 nm were used for both the excitation and emission monochromators. CL spectra were obtained with the same spectrofluorometer but with a slit of 29 nm for the emission monochromators. Quartz cuvettes were used for both fluorescence and CL spectra. CL kinetic measurements were performed in a homemade luminometer using a Hamamatsu JC135-01 photomultiplier tube. All reactions took place at room temperature at least in sextuplicate. The light was integrated and recorded in 0.1 s intervals. Typical CL assays were measured for 4 min after the initial burst of light.





3. Results and Discussion


3.1. Chemistry of MeOBr-Cla


MeOBr-Cla (Scheme 1) was synthesized with methodologies already validated and optimized by our team [12,13]. In short (details in Supporting Information), it consisted of an initial Suzuki-Miyaura cross-coupling between commercial 5-bromopyrazin-2-amine and an appropriated phenylboronic acid to yield the first intermediate. Subsequently, a bromine heteroatom was introduced near the amine group, followed by cyclization with methylglyoxal to yield MeOBr-Cla. The structures of MeOBr-Cla and synthesis intermediates were confirmed with both 1H/13C NMR and FT-MS spectroscopy (Figures S1–S6).



The absorption spectrum of MeOBr-Cla was obtained in aqueous solution (Figure 1). It consists of sharp absorption in the 200–250 nm range, two main bands at ~275 and ~355 nm, and a shoulder at ~400 nm.



The 2D excitation–emission matrix (EEM) contour plot (Figure 1) for MeOBr-Cla in aqueous solution is also presented in Figure 1. This shows that the fluorescence of this compound consists of two emissive centers with the same emission wavelength maximum (~450 nm) and two different excitation maxima (~275 and ~350 nm). Moreover, the emissive center with the lower excitation wavelength leads to more intense fluorescence than the one with excitation in the UVA region. Given the overlap between absorption and excitation bands (at ~275 and ~350 nm), the different emissive centers are just attributed to excitation from the ground state to different excited states (corresponding to different absorption bands), which are then converted into the same lowest singlet excited state (in accordance with Kasha’s rule) [40].




3.2. Superoxide Anion-Induced CL of MeOBr-Cla in Aqueous Solution


The next step of this study was then to verify if the superoxide anion could trigger the CL reaction of MeOBr-Cla in aqueous solution. To that end, the CL kinetic profile (light emission as a function of time) of MeOBr-Cla was obtained with a luminometric approach [6,12,13,23,24,28,41,42,43,44] in the presence of potassium superoxide. This compound is a typical source of superoxide anion in protic solvents in the study of Clz/Cla-based CL reactions [12,13,45,46]. Measurements were performed in acidic, neutral, and basic pH, in typical conditions used in previous CL-based studies [6,12,13,28,41,42,43,44,47,48]. Namely, measurements in acidic pH were performed by the addition of sodium acetate buffer pH 5.2 (1%), in neutral pH by the addition of phosphate buffer pH 7.4 (75 mM), and in basic pH by the addition of NaOH (0.1 M). pH values indicated regarding buffers correspond to the pH of the commercial buffer solutions (sodium acetate pH 5.2 and phosphate buffer pH 7.4). Measurements were also performed with increasing amounts of potassium superoxide (5, 10, and 15 mg) [12,13].



The representative and normalized CL kinetic profiles of MeOBr-Cla in aqueous solutions of different pH, and in the presence of 10 mg of potassium superoxide, can be found in Figure 2. These kinetic measurements also gave rise to the light-emission maxima (in relative light units, RLU), calculated area (light emission as a function of time, in RLU), and initial velocities of the CL reaction (in RLU/seconds, RLU/s). 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 CL profile [49,50]. These values are presented in Table 1.



The CL kinetic profiles of MeOBr-Cla in aqueous solutions show that superoxide anion does trigger the CL reaction of this Clz derivative (Figure 2). In terms of the shape of the kinetic profile, there do not appear to exist relevant differences at acidic and neutral pH, as in these conditions there is an initial burst of light with rapid decay to basal levels. Nevertheless, this is somewhat different for basic pH, as after reaching the emission maximum, the light intensity decreases but reaches a plateau not so much lower than the emission maximum. There were also relevant quantitative differences regarding all conditions.



An analysis of Table 1 shows that the total light output of the CL reaction of MeOBr-Cla is significantly greater at lower pH values. In fact, in terms of light-emission maxima, MeOBr-Cla produces two to four times more light in acetate buffer than in phosphate buffer or NaOH (respectively), at lower amounts of potassium superoxide. Regarding the calculated area of light emission, differences are even more significant, with MeOBr-Cla generating four to eight times more total light in acidic media than in either neutral or basic conditions (respectively). Initial velocities are also higher in acidic media. This data indicates that the efficiency of the superoxide anion–CL reaction of MeOBr-Cla is pH-dependent, which is not surprising, as this is a common feature of the CL reaction of Clz and derivatives [6,12,13,24,41,42,43,44,47,48,49,50]. This has been attributed to the chemical equilibria of dioxetanone (Scheme 1). Namely, the chemiexcitation pathway of neutral dioxetanone (protonated amide group) has been found to be more efficient than that of anionic dioxetanone (deprotonated amide group), with the former being more present in acidic media and the latter at higher pH values [6,12,13,24,41,42,43,44,47,48,49,50]. Other factors could also be at play here. For instance, the lower light emission at higher pH and its different kinetic profile (continuous but low emission) could point to the interaction of this derivative with superoxide anion being less efficient than at lower pH values. At basic pH, it should be expected that the imidazopyrazinone core becomes ionized (with the deprotonation of the NH group) [12], which should impair its interaction with the also negatively charged superoxide anion.



Further analysis of Table 1 also reveals that the CL reaction is sensitive to the amount of superoxide anion. More specifically, increasing amounts of potassium superoxide decrease the total light output of the CL reaction of MeOBr-Cla. This decrease is found for all pH conditions, meaning that this is an intrinsic feature of this system, not subjected to the different ionization states of the involved molecules. In terms of light-emission maxima, decreases of 28, 22, and 33% are observed for acidic, neutral, and basic media and potassium superoxide amounts ranging between 5 and 15 mg. For the calculated area, the decreases are 73, 34, and 54%, respectively.



Given this, these results indicate that the CL reaction of MeOBr-Cla can be triggered by superoxide anion in aqueous solution and that the reaction is sensitive to the amount of this particular ROS species. Thus, and based on previous research on this class of imidazopyrazinonic compounds [29,35,36,37], this molecule shows potential for future uses and development as a CL probe for superoxide anion. Furthermore, given the pH-dependency of the CL reaction of MeOBr-Cla, it also shows potential as a probe for the simultaneous sensing of both pH and superoxide anion, which could be particularly useful for certain biological conditions/processes. For example, cancer cells are typically associated with both the overexpression of superoxide anion [33] and a lower pH than normal cells [51], so the simultaneous determination of both parameters is desired.



Nevertheless, to fully determine the potential of MeOBr-Cla to respond to superoxide anion, we must first compare its CL performance to that of native Clz. To that end, we also measured the CL kinetic profiles of Clz 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), in the presence of increasing amounts of potassium superoxide (5, 10, and 15 mg). The kinetic profile of Clz (at phosphate buffer pH 7.4 in the presence of 10 mg of potassium superoxide) is compared with that of MeOBr-Cla in the same conditions in Figure 2. The CL kinetic profile of Clz is quite identical to that of MeOBr-Cla at the same conditions, with both compounds following a flash-type profile with a quick burst of light followed shortly by decay to basal levels.



A quantitative comparison between compounds was also performed by calculating the ratios (    MeOBr − Cla   Clz    ) between MeOBr-Cla and Clz for obtained light-emission maxima and calculated areas of light-emission are presented in Table 2. Remarkable differences were obtained with ratios of light-emission maxima and calculated areas of light-emission of 2.13 × 101–1.11 × 104 and 8.05 × 101–3.16 × 103, respectively, at different conditions. These values show that the superoxide anion-induced CL of MeOBr-Cla is remarkably enhanced in aqueous solution when compared to that of native Clz. Given that Clz itself has already been validated as a CL probe for this ROS species [29,35,36,37], this greatly enhanced emission indicates that MeOBr-Cla presents significant potential to be used in the future as a CL probe in biological media.



Further analysis of Table 2 indicates that the     M e O B r − C l a   C l z     ratio generally decreases with increasing amounts of potassium superoxide. To further evaluate if this results from MeOBr-Cla and Clz presenting the same response toward superoxide, we plotted the CL light-emission intensity maxima of these compounds as a function of the amount of potassium superoxide (Figure 2) in aqueous solution with the addition of sodium acetate buffer pH 5.20 (1%). CL intensities were presented as ratios, with the CL light-emission intensity maxima for each compound in the presence of 5 mg of potassium superoxide used as the reference. These results indicate that Clz and MeOBr-Cla present opposite responses toward superoxide anion, with increasing amounts of this ROS leading to more/less CL emission for the two compounds (respectively). Though superoxide anion leads to increasing CL emission for Clz, it should be noted that its emission in the presence of 15 mg of potassium superoxide is still significantly less intense than that of MeOBr-Cla in the same conditions (ratio of 5.18 × 103, Table 2), which demonstrates the significant enhancement of MeOBr-Cla and its high potential for superoxide anion sensing. Given the fact that increasing amounts of superoxide anion led to decreasing intensities of MeOBr-Cla, it can be hypothesized that this results from this ROS role as a moderate oxidant. Thus, it is possible that MeOBr-Cla could be more sensitive to over-oxidation by superoxide anion than Clz, meaning that increasing amounts of superoxide anion lead not only to CL emission but to the over-oxidation of this compound. Nevertheless, since the CL emission of MeOBr-Cla is sensitive to variations in the amount of superoxide anion, it should be possible to obtain correlations between the analytical signal and the concentration of the analyte.




3.3. CL of MeOBr-Cla in Aprotic Solvents


Having demonstrated that MeOBr-Cla presents a remarkably enhanced CL emission when triggered by superoxide anion when compared to a known probe for this ROS species (Clz) [29,35,36,37], it is important to further characterize the intrinsic properties of this new CL substrate. More specifically, it should be noted that superoxide anion can be quite unstable in protic media, especially in aqueous solution, due to strong solvation and spontaneous disproportionation [52,53]. Thus, some of the properties found in the previous section could be more a result of the instability of superoxide anion than due to the CL reaction of MeOBr-Cla. For example, the rather quick flash profile (Figure 2) observed in aqueous solution could be attributed to the instability of the triggering ROS, superoxide anion, instead of to the intrinsic kinetics of the CL reaction of MeOBr-Cla. To address this, we have also studied the CL reaction of MeOBr-Cla in the aprotic solvent N,N-dimethylformamide (DMF) in the absence of superoxide anion or any catalyst. CL reactions are known to be triggered spontaneously in aprotic solvents, such as DMF, while showing stable signals [6,12,13,24,41,42,43,44,47,48,49,50]. Assays were also performed at different pH conditions, with the addition of either sodium acetate buffer pH 5.2 (1%), phosphate buffer pH 7.4 (75 mM), or NaOH (0.1 M) [6,12,13,24,41,42,43,44,47,48,49,50].



The normalized CL kinetic profiles of MeOBr-Cla in DMF, at different pH conditions, are presented in Figure 3. In fact, we can see that while there is still an initial burst of light reaching a maximum almost instantly, the decay is significantly slower. Interestingly, the qualitative decay of MeOBr-Cla at basic pH is quicker than at acidic and neutral pH, which are similar themselves.



Quantitative analysis was performed by measuring the light-emission intensity maxima (in RLU), calculated area of light emission (in RLU), and initial velocities (RLU/s) for CL reactions that occurred in DMF at different pH conditions (Table 3). Given the longer decay times, we were also able to determine CL half-life values (in s), also shown in Table 3.



In general, it does seem that light-emission maxima and initial velocities increase with increasing pH, while the calculated area decreases (Table 3). This indicates that the kinetics of the CL reaction at basic pH are significantly quicker, leading to a faster initial burst of light. However, that does not mean that MeOBr-Cla produces more light at basic pH. The fact that the calculated area of light emission is higher at acidic pH indicates that the total light output is higher but also released during a larger period. Once again, this can be explained at least partly due to the chemical equilibria associated with the dioxetanone intermediate (Scheme 1) [6,12,13,24,41,42,43,44,47,48,49,50].



The half-time value of the CL reaction in DMF with the addition of NaOH (0.1 M) was 107.05 ± 14.70 s (Table 3). Interestingly, the typical measurement times (4 min with an integration time of 0.1 s) were not enough to allow for the determination of half-life values in DMF with the addition of either sodium acetate buffer pH 5.2 (1%) or phosphate buffer pH 7.4 (75 mM). Thus, the half-life for the CL reactions at these conditions was calculated by measurements for longer periods (15 min) and an integration time of 1 s (Figure 3 and Table 3). The half-life values are relevantly higher at acidic and neutral pH; nevertheless, the pH should not be the sole determining factor, as the half-life for neutral pH (546 ± 90 s) is relevantly higher than for acidic pH (251 ± 5 s). Thus, further exploration of this topic should be pursued in the future.



It should be noted that the CL reactions of native Clz in aprotic solvents have been studied before [41]. While half-life values were not explicitly calculated, it can be seen that light emission intensity decreases to about 50% in less than 60 s. Thus, the half-life values of MeOBr-Cla appear to be relevantly higher than those of Clz. This should also be an attractive feature for the CL reaction of this novel compound, as a longer half-life should facilitate the detection of the analytical signal.



Finally, we have measured the CL spectra of MeOBr-Cla in DMF with the addition of either sodium acetate buffer pH 5.2 (1%) or NaOH (0.1 M), which are shown in Figure 4. The CL spectrum at acidic pH is composed of two somewhat overlapped bands, with emission maxima at ~410 and ~460 nm. At basic pH, the CL spectrum is just composed of a band at ~460 nm. This behavior indicates that the emission of the chemiluminophore (the Clmd version of MeOBr-Cla, Figure 1) is pH-dependent, which is not strange for imidazopyrazinones and can be attributed to the chemical equilibria of the amide group of Clmd (Figure 1) [22,41]. More specifically, at acidic pH, the neutral (emission at ~410 nm) and anionic amide species (emission at ~460 nm) of the Clmd version of MeOBr-Cla (Figure 1) should coexist, while at basic pH, deprotonation is complete, and only emission from the anionic amide species is observed. In fact, it has been found before that the CL spectra of native Clz in aprotic solvents are composed of one band at acidic pH (~475 nm), while increasing the pH leads to a red-shift in emission to ~515 nm, also attributed to the deprotonation of Clmd [41]. So, these results also indicate that the CL emission of MeOBr-Cla is blue-shifted with regard to native Clz.





4. Conclusions


Superoxide anion is an ROS species of biological interest that is involved in intra- and intercellular signaling pathways and deleterious conditions, such as inflammation and cancer. Given this, it is important to possess sensitive and dynamic sensing approaches for its determination and imaging. One such approach is the CL reaction of marine Clz.



Here, we described the synthesis of a Clz derivative, MeOBr-Cla, and the characterization of its CL reaction in aqueous solution. This compound showed a dose-dependent CL response to superoxide anion, which resulted in a significant and remarkable light-emission enhancement when compared to native Clz. The half-life of the CL reaction of MeOBr-Cla was also found to be relevantly greater than that of Clz, which should benefit the determination of the analytical signal. The CL reaction of MeOBr-Cla was also found to be responsive to pH, thereby opening the way for the future development of CL probes for the simultaneous determination of pH and superoxide anion, which should be useful in certain scenarios (e.g., cancer).



Thus, a new Clz derivative with significantly enhanced CL in aqueous solution when triggered by superoxide anion was developed, which indicates it could be considered a prototypical system for the future development of CL probes for superoxide anion with enhanced properties.




5. Patents


WO2019211809—Chemiluminescent imidazopyrazinone-based photosensitizers with available singlet and triplet excited states.
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Scheme 1. Structures of Clz, Clmd, and MeOBr-Cla. 
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Scheme 2. Schematic representation of the superoxide anion-induced CL reaction of Clz and derivatives. *: the standard symbol to indicate that a compound is in an excited state. 
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Figure 1. Absorption spectrum (top) and 2D EEM contour plot (bottom) for MeOBr-Cla (30 μM) in aqueous solution. 
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Figure 2. Normalized CL kinetic profiles for MeOBr-Cla in aqueous solutions with the 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 (top). Normalized CL kinetic profiles for both MeOBr-Cla and Clz in aqueous solution with the addition of phosphate buffer pH 7.4 (75 mM), in the presence of 10 mg of potassium superoxide (middle). CL intensity ratios for the CL reactions of both Clz and MeOBr-Cla in aqueous solutions with the addition of sodium acetate buffer pH 5.2 (1%), in the presence of increasing amounts of potassium superoxide (5 to 15 mg). The CL intensities obtained for each molecule in the presence of 5 mg of potassium superoxide were used as a reference for Clz and MeOBr-Cla (bottom). All assays were performed for a final volume of 500 μL and a concentration of 5 μM of Clz/MeOBr-Cla. 
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Figure 3. Normalized CL kinetic profiles for MeOBr-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), measured with an integration time of 0.1 s (top). Normalized CL kinetic profiles for MeOBr-Cla in DMF with the addition of either sodium acetate buffer pH 5.2 (1%) or phosphate buffer pH 7.4 (75 mM), with an integration time of 1 s (bottom). All assays were performed with a final volume of 500 μL and a concentration of 10 μM of MeOBr-Cla. 
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Figure 4. CL spectra for MeOBr-Cla in DMF with the addition of either sodium acetate buffer pH 5.2 (1%) (top) or NaOH (0.1 M) (bottom). 
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Table 1. Light-emission intensity maxima (in RLU), area of emitted light (in RLU), and initial velocities (in RLU/s) of the CL reactions of MeOBr-Cla in aqueous solutions with the addition of either sodium acetate buffer pH 5.2 (1%), phosphate buffer pH 7.4 (75 mM), or NaOH (0.1 M). Measurements were performed with different amounts of potassium superoxide (5–15 mg) as the superoxide anion source. Assays were performed for a final volume of 500 μL and a MeOBr-Cla concentration of 5 μM.






Table 1. Light-emission intensity maxima (in RLU), area of emitted light (in RLU), and initial velocities (in RLU/s) of the CL reactions of MeOBr-Cla in aqueous solutions with the addition of either sodium acetate buffer pH 5.2 (1%), phosphate buffer pH 7.4 (75 mM), or NaOH (0.1 M). Measurements were performed with different amounts of potassium superoxide (5–15 mg) as the superoxide anion source. Assays were performed for a final volume of 500 μL and a MeOBr-Cla concentration of 5 μM.





	
Potassium Superoxide (mg)

	
Emission Intensity (RLU)

	
Emission Area (RLU)

	
Initial Velocity (RLU/s)






	
Acetate Buffer pH 5.2




	
5

	
2.38 × 106 ± 1.30 × 105

	
8.15 × 106 ± 2.54 × 106

	
8.83 × 106 ± 1.42 × 106




	
10

	
2.05 × 106 ± 3.92 × 104

	
4.00 × 106 ± 2.38 × 105

	
8.08 × 106 ± 8.71 × 105




	
15

	
1.72 × 106 ± 6.99 × 104

	
2.20 × 106 ± 1.75 × 105

	
6.61 × 106 ± 8.26 × 105




	
Phosphate Buffer pH 7.4




	
5

	
9.87 × 105 ± 9.00 × 104

	
1.89 × 106 ± 1.64 × 105

	
2.61 × 106 ± 3.24 × 105




	
10

	
5.64 × 105 ± 2.97 × 104

	
1.02 × 106 ± 1.25 × 105

	
1.81 × 106 ± 2.30 × 105




	
15

	
7.69 × 105 ± 4.16 × 104

	
1.25 × 106 ± 5.39 × 104

	
1.71 × 106 ± 3.42 × 105




	
NaOH 0.1 M




	
5

	
5.39 × 103 ± 3.05 × 102

	
9.69 × 105 ± 8.55 × 104

	
4.38 × 103 ± 4.41 × 102




	
10

	
3.76 × 103 ± 1.17 × 102

	
5.77 × 105 ± 4.32 × 104

	
7.29 × 103 ± 5.76 × 102




	
15

	
3.59 × 103 ± 1.00 × 102

	
4.45 × 105 ± 7.88 × 103

	
7.71 × 103 ± 5.23 × 102
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Table 2. Measured ratios between the obtained light-emission maxima and calculated area of the CL reactions of MeOBr-Cla and Clz (    M e O B r − C l a   C l z    ). Measurements were performed in aqueous solutions with the addition of either sodium acetate buffer pH 5.2 (1%), phosphate buffer pH 7.4 (75 mM), or NaOH (0.1 M). Measurements were performed with different amounts of potassium superoxide (5–15 mg), as a superoxide anion source. Assays were performed for a final volume of 500 μL and a concentration of 5 μM for both Clz and MeOBr-Cla.






Table 2. Measured ratios between the obtained light-emission maxima and calculated area of the CL reactions of MeOBr-Cla and Clz (    M e O B r − C l a   C l z    ). Measurements were performed in aqueous solutions with the addition of either sodium acetate buffer pH 5.2 (1%), phosphate buffer pH 7.4 (75 mM), or NaOH (0.1 M). Measurements were performed with different amounts of potassium superoxide (5–15 mg), as a superoxide anion source. Assays were performed for a final volume of 500 μL and a concentration of 5 μM for both Clz and MeOBr-Cla.





	
Superoxide [O2−] (mg)

	
Emission Intensity

	
Emission Area






	
Acetate Buffer pH 5.2




	
5

	
1.11 × 104 ± 2.31 × 103

	
3.16 × 103 ± 1.42 × 103




	
10

	
6.80 × 103 ± 5.10 × 102

	
1.04 × 103 ± 1.53 × 102




	
15

	
5.18 × 103 ± 5.57 × 102

	
3.96 × 102 ± 7.03 × 101




	
Phosphate Buffer pH 7.4




	
5

	
6.62 × 102 ± 1.12 × 102

	
1.49 × 102 ± 3.04 × 101




	
10

	
2.45 × 102 ± 2.54 × 101

	
1.11 × 102 ± 2.72 × 101




	
15

	
1.29 × 102 ± 2.72 × 101

	
5.30 × 101 ± 5.25 × 100




	
NaOH 0.1 M




	
5

	
2.53 × 101 ± 5.91 × 100

	
9.43 × 101 ± 2.77 × 101




	
10

	
2.13 × 101 ± 3.39 × 100

	
9.81 × 101 ± 1.73 × 101




	
15

	
2.46 × 101 ± 3.26 × 100

	
8.05 × 101 ± 1.24 × 101
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Table 3. Light-emission intensity maxima (in RLU), area of emitted light (in RLU), initial velocities (in RLU/s), and half-life(s) of the CL reactions of MeOBr-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 μL and a MeOBr-Cla concentration of 10 μM. Typical integration times for CL measurements were 0.1 s.






Table 3. Light-emission intensity maxima (in RLU), area of emitted light (in RLU), initial velocities (in RLU/s), and half-life(s) of the CL reactions of MeOBr-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 μL and a MeOBr-Cla concentration of 10 μM. Typical integration times for CL measurements were 0.1 s.





	Solvent
	Emission Intensity (RLU)
	Emission Area (RLU)
	Initial Velocity (RLU/s)
	Half-Life (ms)





	DMF + Acetate Buffer pH 5.2
	4.77 × 104 ± 2.68 × 103
	9.98 × 106 ± 5.53 × 105
	9.92 × 103 ± 1.77 × 103
	251 a ± 5



	DMF + Phosphate Buffer pH 7.4
	3.23 × 104 ± 2.15 × 103
	7.14 × 106 ± 4.61 × 105
	2.70 × 104 ± 7.33 × 103
	546 a ± 90



	DMF + NaOH
	5.67 × 104 ± 7.24 × 103
	6.85 × 106 ± 5.75 × 105
	4.69 x 104 ± 9.28 × 103
	107.05 ± 14.70







a Integration time of 1 s.
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