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ABSTRACT 

Gadusols are efficient nature UV sunscreens with antioxidant capacity. The kinetics of 

the quenching reactions of singlet oxygen 𝑂2(¹∆𝑔) by gadusol species was evaluated in 

aqueous solution as well as in the presence of direct charged micelles. Time-resolved 

phosphorescence detection of 𝑂2(¹∆𝑔) indicated that gadusolate, the main species under 

biological pH, is a more efficient quencher than the enol form with a rate constant of ca. 1.3 x 

10
8
 L mol

-1
s

-1
. The deactivation proceeds via a collisional mechanism with clear dominance of 

chemical pathways, according to the rates of gadusol and oxygen consumptions, and typical 

photooxidation quantum yields of ca. 7%. The relative contributions of the chemical and 

physical quenching steps were not affected by the presence of anionic or cationic micelles 

emulating simple pseudo-biological environments. The products of the photo-oxidative 

quenching support a type II mechanism initiated by the addition of 𝑂2(¹∆𝑔) to the C-C double 

bond of gadusolate. These results point to the relevance of considering the role of sacrifice 

antioxidant along with the UV-screening function for gadusol, particularly in the context of 

potential biotechnological applications of this natural molecule. 

Keywords UV photoprotection, quenching kinetics, natural antioxidant, direct micelles. 

Abbreviations GADH (Gadusol), GAD (Gadusolate), RB (Rose Bengal), TRP (L-

Tryptophan), PN (Phenalenone) 
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1. INTRODUCTION  

Gadusol (3,5,6-trihydroxy-5-hydroxymethyl-2-methoxycyclohex-2-en-1-one) and the 

analogous 6-deoxygadusol (3,5-dihydroxy-5-hydroxymethyl-2-methoxycyclohex-2-en-1-one) 

are structural- and biosynthetically related to the natural UV-absorbing compounds 

mycosporine and mycosporine-like amino acids (MAAs) [1-3]. Sunscreening and antioxidant 

functions have been frequently suggested for this group of secondary metabolites, broadly 

distributed among fresh water, marine and terrestrial organisms [4-6].  

The absorption spectrum of gadusol in aqueous solution shifts its maximum from 268 

nm ( = 12400 L mol
-1

 cm
-1

) to 296 nm ( = 21800 L mol
-1

 cm
-1

) on going from acidic to 

neutral pHs (see Fig. 1b) [7,8]. These bands are respectively assigned to the enol (GADH) and 

the enolate (GAD) forms of the compound (pKa = 4.2) (see Fig. 1a) [8, 9]. MAAs however 

absorb intensively at longer wavelengths, within the transition zone between the UV-A and the 

UV-B portions of the solar spectrum. On this basis it has been proposed that gadusols may 

have played an important role as UVB/C screens in the early stages of phototrophic life that 

developed under an O2-depleted atmosphere [1, 10, 11]. Experimental and theoretical studies 

support this hypothesis by confirming the high photostability of the metabolite in aqueous 

solution under physiological pH and its rapid deactivation through efficient dissipation of light 

energy as heat [7, 12].
 
Evolution of gadusols to MAAs via amine condensation reactions may 

have fulfilled the increasing requirements of protection against UVA and photooxidative stress 

that followed the accumulation of oxygen in the atmosphere [10, 13]. 

The UV-screening properties of gadusol have received particular attention in reference 

to potential roles in marine organisms [14, 15]. Bok et al. have identified the presence of 

MAAs and a gadusol-related compound in the visual system of the stomatopod species 
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Neogonodactylus oerstedii (mantis shrimp) [14]. The UV-specific optical filtering of the 

compounds in the crystalline cones seems to provide spectral tuning allowing unique 

polychromatic UV vision in N. oerstedii [14]. MAAs and gadusols also occur in association 

with soluble proteins in fish lenses from various species [4, 16, 17]. Although the functional 

significance of these complexes is not fully understood, it is suggested that the UV absorbing 

pigments may protect the retina from harmful radiation in shallow water fish or also improve 

visual acuity by avoiding shorter wavelengths that are responsible for chromatic aberration and 

scattering [18]. Furthermore, reactivity against UV-induced radical species should not be 

discarded as an additional mechanism of protective action within ocular tissues [19].  

Besides, the high concentration of gadusol in the roes of marine fish suggests a 

functional role in embryonic development, probably based on the UV-photoprotective and the 

antioxidant abilities of this molecule [15, 20]. The metabolite was initially thought to be 

acquired by fish through diet but it was recently found that the biosynthetic genes are present 

in vertebrates too [21]. This is lately exploited through genetical engineering to form hybrid 

structures of gadusol and mycosporine-like amino acids, conceived as a platform for the design 

and production of novel sunscreens [22].  

The interest on unravelling the mechanistic basis of the photoprotective potential of 

these ubiquitous molecules is currently increasing along with the urgent demands of new ideas 

for the design of the next generation of sunscreens [23, 24]. In this context, complementation 

of the UV filter capacity with antioxidant action is relevant for development of more efficient 

and safer photoprotectors [25, 26]. The antioxidant capacity of gadusols has been evaluated 

through different methods. The phosphatidylcholine peroxidation inhibition-assay yielded 

larger activity for deoxygadusol than for the oxo-MAA mycosporine-glycine [27]. The 
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determination of the oxygen radical absorbance capacity (ORAC) and the test based on the 

2,2´-azinobis (3-ethylbenzothiazoline-6-sulphonic acid) diammonium salt (ABTS) confirmed 

that the enolate form, GAD, is comparable to ascorbic acid towards reductive reactions with 

radicals although its ability to break chain reactions carried by peroxyl radicals is stronger 

[28]. The affinity of GAD for reducing photoexcited species has been considered as an extra 

contribution to the antioxidant capacity of the metabolite [7]. Suh et al assessed the 

deactivation of singlet oxygen molecules (𝑂2 
 ∆𝑔 ) by deoxygadusol through competitive 

inhibition of rubrene oxidation [29]. The study yielded a quenching rate constant larger than 

those for the amino acids histidine and methionine. However, the experiments were carried out 

in chloroform/methanol solvent mixtures which hardly reflect the physiological conditions. In 

addition, the technique used by the authors provides a total quenching rate constant,   , 

without discerning the mechanism by which 𝑂2 
 ∆𝑔  is removed by deoxygadusol.  

A deeper characterization of the interaction of gadusol species with singlet oxygen in 

aqueous media is necessary to better visualize their participation as protectors against 

photooxidative stress in reproductive and vision systems of marine biota species, and their 

potential applications as natural antioxidant and photoprotective additives for the elaboration 

of food and cosmetics products. In this context we herein report on the total and reactive 

quenching rate constants of singlet oxygen by gadusol species in aqueous solutions. We also 

explored the kinetics of the reaction in the presence of micelles prepared with ionic surfactants 

in order to compare the efficiency of the photodynamic event in simple models of 

biomembranes. 

 

2. MATERIALS AND METHODS 
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2.1. Sample preparation  

Gadusol was extracted from fish roes of Argentinian sandperch (Pseudopercis 

semifasciata) as described elsewhere [28]. Solutions of gadusol in D2O (Aldrich, 99.9%) were 

prepared by redissolving concentrated aqueous solutions of the metabolite in this solvent. The 

extracts were concentrated under vacuum and the D2O was added under Ar atmosphere. 

SDS (Sigma-Aldrich, > 99%) or CTAC (Sigma-Aldrich, 25% solution) were used for 

preparing micellar solutions. CTAC was previously purified by evaporation to dryness and 

recrystallization from a 50% ethanol-acetone mixture. The critical micellar concentration (CMC) 

values were verified by conductimetry and the results, SDS: 8.0  10
-3

 mol L
-1

 and CTAC: 1.4  

10
-3

 mol L
-1

, were in full agreement with previous reports [30]. The solid surfactant was dissolved 

in tridistilled water or D2O to achieve 0.10 mol L
-1

 concentration and buffering. Aliquots of a 

concentrated GAD solution in the same solvent were added into the micellar solution.  

The pH (or pD) in the acidic range (between 2.4 and 5) was fixed with phosphate buffer 

solutions prepared with H3PO4 (Cicarelli, P.A.) and KH2PO4 (Sigma, ≥ 99.0%) at 0.03 mol L
-1

 

final concentration. The pD values were calculated by the expression pD = pH + 0.4. Otherwise 

indicated, the homogeneous and tensioactive solutions under neutral conditions were regulated 

with 0.05 mol L
-1

 tris[hydroxymetyl]amino-methane Trizma® base/Trizma® HCl (Sigma, reagent 

grade) for pH (pD) 8. 

Singlet oxygen was generated in air-saturated solutions by photosensitization with Rose 

Bengal (RB) or phenalenone (PN). Both sensitizers were purchased from Aldrich, with 95% and 

97% purity respectively, and used as received. The absorbance of the sensitizer at the irradiation 

wavelengths was ca. 0.4 for RB (530 or 532 nm) and 0.5 for PN (355 nm).  
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2.2. Time-resolved phosphorescence detection (TRPD)  

Laser irradiation with ca. 18 ns-pulse width was carried out with a Nd:YAG laser 

(Spectron Laser SL400) at 355 nm (PN in homogeneous solutions), 532 nm (RB in homogeneous 

or micellar D2O solutions), and 266 nm (direct irradiation of gadusol). PN was chosen as an 

alternative sensitizer in the experiments at pD 2.4 due to the bleaching of RB at pH < 3. 

The phosphorescense emission from singlet oxygen after the excitation laser pulse was 

registered at 1270 nm with a Ge amplified detector (Judson J16/8Sp). The emission previously 

passed through cut-off (< 1000 nm) and interference (1270 nm) filters. The detector readily 

followed the emission from about 4-6 μs after the laser pulse. The output was coupled to a digital 

oscilloscope and to a personal computer for the signal processing. The signals from 10 laser pulses 

were averaged and the obtained trace was fitted to monoexponential functions of time, 

characterized by   , the exponential time constant assigned to singlet oxygen lifetime. 

 

2.3. Reactive quenching studies 

The reactive quenching of singlet oxygen was evaluated by following the decrease of the 

substrate and/or oxygen concentrations under stationary irradiation, at room temperature and 

continuous stirring. 

Singlet oxygen was generated by photosensitization with RB at 530-nm LED light 

(Philips). L-Tryptophan (TRP, SigmaUltra, 98%) in Trizma® base/Trizma® HCl buffer at pH 8 

was taken as the reference (kr = 3.2×10
7 

L mol
-1

s
-1

) [31]. GAD consumption was determined by 

UV-absorption spectrophotometry at 296 nm as a function of the irradiation time. Analogously, 

the decrease in GADH concentration was evaluated at 268 nm; in this case the irradiation 

experiment was carried out at pH 5 in 0.1 mol L
-1

 phosphate buffer. The changes in TRP 
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concentration were followed at 280 nm. The rates of consumption determined 

spectrophotometrically were consistent with the results from the evaluation by HPLC analysis, 

carried out preliminarily as control experiments (Lichrocart ® TC-C18, 5 μm, 4 mm d.i. x 25 cm 

column and gradient elution from 100% Trizma® base/Trizma® HCl buffer at pH 8; flow rate 1 

mL min
-1

). Further control experiments with RB solutions in the absence of the quenchers verified 

that no modification of the absorption spectrum of the sensitizer takes place under the same 

conditions (concentration, light source and irradiation time). Similarly, no variation in the 

absorption spectra was observed in the absence of irradiation for the solutions containing both RB 

and any of the quenchers, thus dark interactions with the sensitizer were discarded.  

Oxygen concentration was monitored during irradiation with a specific electrode (Orion 

97-08) coupled to a hermetically sealed cell containing the solution under study.  

 

2.4. Evaluation of the quenching rate constants 

The following set of reactions summarizes the general scheme involved in the 

generation and deactivation of 𝑂2 
 ∆𝑔  that guided the experimental evaluations of the kinetic 

constants. 

                                                                                                            𝑂2   𝑔
   

  

  
                  
→         

 
  

                    
→          

 
  

                   
→           𝑂2  𝑔  

           

 

 

                                              
                  
→       𝑂2  𝑔

   
                                                   

 

                                              

             𝑂2  𝑔  
                

                      

→     𝑂2  𝑔
   

                                                                                

                                       
                                               

                                               
                 
→                                                                                                                                       
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This mechanism represents a type II process, according to Foote´s classification [32, 

33], where a sensitizer (denoted as  ) is excited to a triplet state and transfers energy to ground 

state oxygen, generating 𝑂2 
 ∆𝑔  (eqn.1). The excited oxygen species can decay by collision 

with solvent molecules (eqn.2) and/or physically or chemically interact with a quencher   

(eqns. 3 and 4). In eqn. 4, P stands for the product(s) of the chemical reaction between 

𝑂2 
 ∆𝑔  and the quencher molecule  . Thus, the total quenching constant    represents the 

sum of    and   , the rate constants for chemical (reactive) and physical quenching, 

respectively. 

 The total quenching rate constants    were here estimated from the analysis of 𝑂2 
 ∆𝑔   

emission decays obtained by TRPD as a function of the quencher molar concentration    . 

Considering that   
  represents singlet oxygen lifetime in the absence of  , the lifetimes in the 

presence of  ,   , were fitted to the Stern-Volmer expression:            
  

  
           

The reactive quenching constants    were assessed from the stationary photosensitization 

experiments described in the previous section by comparison of the quenching rates for each 

substrate against the standard quencher TRP [34]. The kinetic analysis for continuous irradiation 

of the singlet oxygen sensitizer S in the presence of the reactive quencher   leads to the quencher 

depletion rate described by eqn.5: 

 
    

  
     𝑂2  𝑔        

     
                       

The expression assumes that a steady state singlet oxygen concentration      
 ∆𝑔     is 

attained and that no reaction between   and S takes place. Thus, the pseudo-first order rate 
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constant,   
 , is given by the product between    and the steady state singlet oxygen concentration. 

Integration of eqn. 5 predicts the linearity of a plot of            ⁄  vs. t, with   
  as the slope. 

For identical experimental conditions such as light intensity and S concentration, 

    
 ∆𝑔     remains unchanged, and the ratio of the slopes of the first order plots for the 

consumption of the quencher and the reference substrate yields the ratio of their respective    

values. The reactive quenching constant for   was derived from this ratio and the reference value 

of the reactive quenching constant for TRP [31, 34].  

Molecular oxygen is consumed in reaction (4), thus    can be also estimated from the 

evaluation of oxygen uptake during photoirradiation. Recalling that   is in great excess with 

respect to the concentration of singlet oxygen, [ ] can be considered nearly constant during the 

earlier reaction times. The rate law is now expressed in terms of singlet oxygen disappearance as a 

pseudo-first order process where   
   represents the pseudo-rate constant including [ ], as shown in 

eqn.6. 

 
  𝑂2  𝑔   

 

  
     𝑂2  𝑔         

    𝑂2  𝑔   
                  

  

Upon integration of eqn. 6, a plot of     𝑂2  𝑂2   ⁄  vs. t is expected to be lineal. The ratio 

of the slopes of the lines for equivalent experiments, with matched concentrations of the quencher 

and the reference TRP, should afford the reactive quenching constant    for   relative to that one 

for TRP.  

 

2.5. Quencher distribution in micellar media 

The partition of GAD in the micellar solutions was evaluated by two kinds of experiments. 

In first place, aliquots of 3.0×10
-3

 mol L
-1

 GAD in 0.10 mol L
-1

 surfactant (SDS or CTAC) were 

respectively placed in ultracentrifugal filter devices of 0.5 mL capacity with 10,000 Da cut off 
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membrane (Ultrafree-MC Amicon-Bioseparations, Millipore). The samples were centrifuged at 

6000 rpm for 40 min (Eppendorf 5402 centrifugation unit). Free GAD in the ultrafiltrate was 

determined by UV-vis absorption spectrophotometry. Control experiments, carried out in the 

absence of the surfactants, showed that no capture of GAD by the membrane occurred. All the 

experiments were performed at 20°C and repeated at least twice. 

On the other hand, aqueous solutions of GAD 3.4×10
-5 

mol L
-1

 were mixed with the same 

volumes of n-octanol and stirred. The biphasic systems were kept for 48 h at room temperature in 

the dark. Then, aliquots from both the aqueous and the organic phases were separately analyzed by 

spectrophotometry in order to determine the presence of the metabolite. 

 

2.6. Mass spectrometry analysis 

Identification of the photoproducts of the quenching of 𝑂2(¹∆𝑔) by GAD was carried out 

by liquid chromatography coupled to mass spectrometry (LC/MS). Aqueous solutions containing 

GAD and RB at pH 8 were analyzed. Two samples were irradiated with the LED at 530 nm up to 

20 % and 100% conversion of GAD, respectively evaluated by UV absorbance. A control sample 

was kept in the dark before the analysis. The LC/MS system was equipped with an HPLC 

chromatograph (HPLC Waters Aquity H-class) and a triple quadrupole mass spectrometer (Xevo 

TQS- Micro). HPLC analyses were performed using an Aquity BEH-C18 (1.7 μm; 2.1 x 100 mm) 

column and gradient elution from 100% formic acid 1×10
-2 

mol L
-1

/water to 100% formic acid   

1×10
-2 

mol L
-1

/methanol at a flow rate of 0.25 mL min
-1

. The mass spectrometer was operated in 

both positive and negative ion modes. Nitrogen served as auxiliary, collision gas, and nebulizer 

gas. The flow rate of nitrogen was 500 L min
-1

, temperature 400°C and the voltage in the capillary 

was set at 2 kV. The spectra were obtained by using an equipment collision cell with argon at a 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 12 

pressure of 4 x10
-3

 mbar. 

 

3. RESULTS 

3.1. Generation of    
     by gadusolate 

No phosphorescent signal was observed, within the instrumental detection limits of the 

TRPD, when 2  10
-5

 mol L
-1

 gadusol in D2O was irradiated at 266 nm. Under the neutral pD 

conditions of the experiment, GAD was the dominant species with ca. 0.3 absorbance at 266 

nm. The control experiment with RB in D2O and similar absorbance at the irradiation 

wavelength (532 nm) showed the characteristic emission of 𝑂2(¹∆𝑔) 
at 1270 nm. The 

phosphorescence decayed monoexponentially with    = 66 µs, in good agreement with the 

reported values [35]. 

 

3.2.  Quenching of    
     by gadusol species in aqueous solution  

The effect of GADH concentration on Δ was evaluated by TRPD in D2O. Under the 

acidic conditions of the experiments (pD 2.4), the addition of a concentrated aliquot of 

aqueous GADH (final concentration 1.3×10
-3

 mol L
-1

) did not modify the decay of the 

𝑂2 
  𝑔  emission in comparison with a blank experiment in which the same volume of 

aqueous buffer was introduced into the PN/D2O solution (traces not shown). Lifetimes 

obtained in the absence and in presence of GADH differed only within ± 1 μs. Thus, within the 

experimental uncertainty,    kept unaltered, this setting an upper limit to the total quenching 

constant by GADH of     (1.8 ± 0.8)  10
5
 L mol

-1
s

-1
. 

In contrast, singlet oxygen phosphorescence decayed faster in the presence of GAD 

(pD 8.0) (see Supporting Information A). The signals fitted to monoexponential functions of 
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time in all the cases and revealed that Δ reduces to ca. 50% its value without quenchers in the 

presence of 1.4  10
-4

 mol L
-1

 GAD. The effect can be described in terms of the Stern-Volmer 

behavior, i.e. the dependence of   
   with substrate or quencher concentration is linear (Fig. 2). 

Similar results were obtained for solutions under pD 5 The slopes of the lines provide the total 

quenching rate constants    summarized in Table 1. Some examples of the phosphorescence 

decays are shown in Supporting Information B. 

The reactive quenching of 𝑂2(¹∆𝑔) by gadusol species was evaluated on the basis of 

eqn. 5 in terms of the quencher consumption in steady-state photolysis experiments with RB 

by following the quencher absorbance as a function of time. The results at pH 5 show that each 

of the two absorption maxima (268 nm and 296 nm, respectively assigned to the forms GADH 

and GAD involved in the acid-base equilibrium of gadusol (Fig. 1 a) decays with a distinctive 

rate (see Supporting Information D). The change in time of the peak absorbances leads to the 

pseudo-first order plots shown in Fig. 3 a. The lower slope of the logarithmic plot for the 

absorbance at 268 nm reflects the consumption of GAD due to the shift of its equilibrium with 

GADH, the only reactive form involved in the reactive quenching of 𝑂2(¹∆𝑔). 

Table 1 summarizes the results for the reactive quenching constant by GAD. An 

effective kinetic constant of (0.93 ± 0.11)  10
8
 L mol

-1 
s

-1 
is estimated from the time evolution 

of the 296 nm-absorbance band maxima in the experiment at pH 5. On the other hand, the 

evaluation of GAD consumption at pH 8, yields a value of    = (1.05 ± 0.19)  10
8
 L mol

-1 
s

-1
 

(see the time evolution of the absorption spectra in Supporting Information E) Both results are 

coincident, within the experimental uncertainty, affording an averaged reactive quenching 

constant of    = (0.99 ± 0.22)  10
8
 L mol

-1 
s

-1
. 
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Additionally, the time evolution of oxygen uptake was determined for the quenching 

by GAD at pH 8 and compared to the kinetics of TRP depletion, taken as the reference. 

According to eqn. 6, the linear regression of the plots of molecular oxygen concentration vs. 

irradiation time (Fig. 3b) allowed the estimation of the reactive quenching constant for GAD 

   = (0.80 ± 0.10)  10
8
 L mol

-1 
s

-1
 reported in Table 1. 

 

3.3. Quenching of   (¹∆ ) by gadusolate in the presence of micelles  

The distribution of GAD, as the physiologically relevant form of the metabolite, was 

assessed in micellar solutions of ionic surfactants: SDS and CTAC. The concentration of GAD 

decreased up to 3% of its initial value in any of the micellar solutions after ultrafiltration. This 

change is within the experimental error related to the absorbance determinations. Consistently, 

no presence of gadusol species could be detected, within the experimental uncertainties, in the 

organic phase of the n-octanol/water mixtures. Both results support a negligible partition of 

gadusol species in the hydrophobic microphases associated to the direct micelles. 

The rate constants for the total quenching of 𝑂2(¹∆𝑔) by GAD in SDS or CTAC 

micelles were determined by TRPD in D2O buffered at pD 8 and 0.10 mol L
-1

 surfactant. The 

phosphorescence lifetimes,   , were visibly shortened by GAD concentration in both micellar 

solutions (examples of the phosphorescence decays are shown in Supporting Information C). 

The data followed the Stern-Volmer dependence (see Fig. 2 for SDS solution, as an example). 

The linear regression afforded good fits to straight lines, with slopes yielding the total rate 

constants    reported in Table 1: (1.09 ± 0.13)  10
8
 L mol

-1 
s

-1
 for SDS, and (1.17 ± 0.11)  

10
8
 L mol

-1 
s

-1
 for CTAC.  
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The rate constants for the reactive quenching of 𝑂2(¹∆𝑔) by GAD in the presence of 

SDS and CTAC micelles were determined by the decrease of quencher concentration. The 

quenching by TRP in buffered aqueous solution (pH 8) was taken as the reference process. The 

pseudo-first order plots for GAD in the presence of each surfactant and in aqueous solution are 

compared in Fig. 4. The slopes of the straight lines yielded respectively the apparent rate 

constants        in the micellar solutions, according to the integrated form of eqn. 5: (0.99 ± 

0.12)
 
 10

8
 L mol

-1 
s

-1
 for CTAC, and (1.02 ± 0.11) 10

8
 L mol

-1 
s

-1
 for SDS (Table 1). 

 

3.4. Analysis of the products of the reactive quenching of   (¹∆ ) by gadusolate 

The LC/MS analysis carried out on the aqueous mixture of GAD and RB before 

irradiation yielded the signals corresponding to the molecular ion of the metabolite as the [M-

H]
- 

species at m/z 203. The chromatograms for the irradiated solutions revealed additional 

signals at m/z 235 in the negative mode that may correspond to the addition of O2 to GAD 

(molecular weight of 236 g mol
-1

). Other signals at m/z 191 in the negative mode (192 g mol
-1

 

molecular weight) and at m/z 119 in the positive mode (118 g mol
-1

molecular weight) can be 

explained by degradation products. The abundance of the ions m/z 191 and 119 increased with 

decreasing the intensity of the signal assigned to GAD. Supporting Information F to H shows 

the LC chromatograms. The MS fragmentation spectra corresponding to the signals at m/z 

203, 235 and 119, are displayed in Supporting Information I to K.   

The intensity of the peak corresponding to the molecular ion m/z 203 was consistent 

with the extents of the reaction (20% and 100%) in the analyzed samples, as estimated by the 

UV absorbance assigned to GAD. 

 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 16 

4. DISCUSSION 

The direct irradiation experiment at 266 nm in D2O confirms that photosensitized 

generation of 𝑂2(¹∆𝑔) by GAD can be disregarded. This is well explained by the negligible 

intersystem crossing quantum yield for photoexcited GAD, that rules out its potential 

contribution as sensitizer in the reaction sequence of eqn. 1 [7]. Instead, ground state gadusol 

species are able to quench 𝑂2(¹∆𝑔) in aqueous solutions. Particularly, the quenching 

experiments at neutral pH evidence the efficient deactivation of 𝑂2(¹∆𝑔) by GAD. The 

quenching follows a collisional mechanism, as deduced from the Stern-Volmer behavior (Fig. 

2). The process is represented by the reactions in eqns. 3 and 4, with   denoting GAD. The 

order of magnitude of the total quenching rate constant,    = 1.27  10
8
 L mol

-1 
s

-1
 (see Table 

1) is comparable to those for natural antioxidants such as ascorbic acid in H2O (6.8  10
8
 L 

mol
-1

s
-1

) [36] or in D2O: acetonitrile mixtures (3.1  10
8
 L mol

-1 
s

-1
) [37) and -tocopherol in 

methanol: chloroform solvent mixtures (1.5  10
8
 L mol

-1 
s

-1
) [38]. The result is also in line 

with the quenching rates evaluated for the structural-related compounds deoxygadusol (5.4  

10
7
 L mol

-1
s

-1
), mycosporine-glycine (6.7  10

7
 L mol

-1 
s

-1
). both in methanol:chloroform 

mixtures [29], and mycosporine-glutaminol-glucoside (5.9  10
7
 L mol

-1 
s

-1
) in D2O [39].  

No quenching ability was detected for the enol form GADH in aqueous solution (pD 

2.4). This sets an upper limit to the rate constant for the total quenching by this species 

estimated as (1.8 ± 0.8)  10
5
 L mol

-1
s

-1
, i.e. around 700-times slower than that one for GAD. 

Similarly, strong pH-dependences in the 𝑂2(¹∆𝑔) quenching rates by ascorbic acid, histidine 

and N-acetyl tyrosine ethyl ester have been reported and associated to the higher reactivity of 

the deprotonated forms of the quenchers [36, 37]. The same effect seems to explain the ca. 
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22% drop in the value of    in aqueous solution at pD 5 in comparison with pD 8 (Fig. 2, 

Table 1). Since equilibrium concentrations of the enol (GADH) and enolate (GAD) forms are 

expected to be comparable under pH values close to the pKa [9], the presence of GADH in the 

acidic solution lowers the overall reactivity in comparison with neutral solutions that contain 

the anionic form GAD almost exclusively. 

The results for the reactive quenching constant,   , follow the same trend as the total 

quenching constants,   , amounting ca. 1.0  10
8
 L mol

-1 
s

-1
 for GAD (Table 1). Moreover, the 

ratio     ⁄  for GAD is close to 1, within the experimental uncertainties, pointing to the 

dominant chemical nature of the quenching process. Besides, comparison of the magnitudes of 

   for GAD obtained by substrate depletion and by oxygen uptake (Fig. 3, Table 1) supports 

the 1:1 stoichiometry assigned to the quenching reaction in eqn. 4.  

In view of these results, gadusol species could be considered as sacrifice antioxidants, 

enabling the question about their possible roles in pro-oxidant pathways in aerobic life. The 

efficiency of the degradation reaction by 𝑂2(¹∆𝑔) can be described for GAD, as the 

biologically relevant species, in terms of the photooxidation quantum yield,   . This 

parameter is calculated from eqn. 7 for a given GAD concentration [40]. 

 

    
          

  
 
             

                                    

 

In the last expression,    stands for the quantum yield of 𝑂2(¹∆𝑔) production by the sensitizer 

and the inverse of   
  represents the specific rate of all the events that lead to the deactivation 

of 𝑂2(¹∆𝑔) in the absence of GAD (eqns. 2-4). Thus,    amounts 7% for [GAD] = 2  10
-4

 

mol L
1
 in aqueous solution, RB as sensitizer with    = 0.8 [41),

   
  

= 4 s [42),    and    from 
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representative values at pH 8 (Table 1), and assuming that the total quenching constant in D2O 

is equivalent to that one in H2O. This result compares well with the photooxidation quantum 

yield reported for ascorbate, estimated in ca. 2% [36]. 

The electrophilic character of 𝑂2(¹∆𝑔) suggests that the reactivity towards gadusols 

might be related to the presence of unsaturated groups in the molecule [43]. Then, it seems 

reasonable that 𝑂2(¹∆𝑔) adds to the double bond in the carbon ring, as a first event before 

subsequent rearrangement. This in turn explains the larger reactivity of GAD in comparison to 

GADH, since the deprotonation of the OH group in the -carbon increases the nucleophilic 

character of the double bond via conjugation effects.  

The identification of the photooxidation products was achieved by LC/MS analysis. 

The chromatographic peak at the retention time of GAD vanished, while new signals 

attributable to the products could be detected. The molecular weight of 236 g mol
-1

 (m/z 235, 

negative mode) is assigned to the intermediate I1 that arises from the intramolecular 

rearrangement of the addition of a 𝑂2(¹∆𝑔) to the double bond in the cyclic structure of GAD 

(Fig.5). This indicates a type II photooxidation process governing the reaction between GAD 

and 𝑂2(¹∆𝑔). The molecular weight of 192 g mol
-1 

(m/z 191, negative mode) is proposed to 

correspond to the intermediate compound I2 produced from the decarboxylation of I1. 

Analogous pathways were proposed in the reaction mechanism for pterin-photosensitized 

oxidation of TRP by 𝑂2(¹∆𝑔) reported by Thomas et al. [44]. Two final photoproducts: methyl 

3-hydrox-2-oxopropanoate (P1) and 1-hydroxyacetone (P2) are postulated to originate from the 

cleavage and rearrangement of I2, as described in the scheme of Fig. 5. Photoproduct P1 was 

identified experimentally through the signal for m/z 119 in the positive mode (molecular 

weight of 118 g mol
-1

). The low molecular weight of product P2 probably prevented it to be 
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detected in either of the two modes used. Recalling that gadusol has been extracted from fish 

roes, it is interesting to note that P1 could be metabolized by the cytochrome P450 in fish [45]. 

This system comprises the enzymes that are necessary to convert P1 to pyruvic acid or to 

conjugating it with glucuronic acid for its excretion from the organism.  

In view of the latter results, we considered that a complex biological environment may 

condition the extent of the sensitized photooxidation of GAD by affecting the balance between 

reactive and physical deactivation of singlet oxygen. Higher degrees of self-protection against 

𝑂2(¹∆𝑔) in micellar systems have been already reported for the singlet molecular oxygen 

mediated photooxidation of amino acids such as tyrosine and related compounds. This 

behaviour was visualized through lower ratios of             ⁄  that favour the physical 

quenching [46]. Therefore, aiming at an initial step in the extrapolation of the results to 

biological environments, we examined the quenching of 𝑂2(¹∆𝑔) by GAD in the presence of 

charged surfactants over their respective CMC in aqueous solution.  

The results from ultrafiltration and n-octanol/water partition determinations support 

that GAD species are preferentially placed in the aqueous phase, rather than in the 

hydrophobic interior of the direct micelles. However, general electrostatic interactions between 

GAD and the charged micelles may induce a preferential location of the anionic form of the 

metabolite in the outer interfacial zone of cationic CTAC micelles, as already observed for the 

related metabolites MAAs [47]. Thus, alterations of the environment for the quenching event 

in this kind of microheterogeneous systems were preliminarily expected [48, 49]. The slopes 

of the linear plots for micellar solutions in Figs. 2 and 4 evidence just subtle effects of the 

presence of any of the direct charged micelles, anionic SDS or cationic CTAC ones, on the 

rates of total and reactive 𝑂2(¹∆𝑔) quenchings in comparison with plain aqueous solution. For 
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the evaluation of quenching kinetics in micellar systems it is assumed that the diffusion of 

𝑂2(¹∆𝑔) molecules in and out of the micelles is rapid enough so that their dynamics can be 

considered independent of the site where they were generated by photosensitization [50].
 
On 

this basis, apparent rate constants        and        were obtained for the microheterogeneous 

media with values around 1  10
8
 L mol

-1 
s

-1
, respectively. Within the experimental 

uncertainties, these constants amount similar to the rest of the values reported in Table 1 for 

GAD in aqueous solution at pH(pD) 8. It is concluded that the relative contribution of the 

chemical quenching to the global quenching process is not affected by the presence of charged 

micelles. Still, larger influences in the extent of the quenching of GAD in membranes should 

not be discarded, in analogy to those reported for the physical quenching of 𝑂2(¹∆𝑔) by azide 

anion in more complex microheterogeneous environments [51]. 

 

5. CONCLUSIONS 

This study assesses for the first time the kinetics of the photo-oxidation of gadusol 

species by 𝑂2(¹∆𝑔) in aqueous solution as well as in the presence of direct charged micelles. 

The results support a collisional mechanism of quenching. GAD, the anionic species 

dominating the equilibrium distribution around neutral pH, presents a larger quenching 

efficiency in comparison to GADH, probably due to the enhanced nucleophilic character of the 

molecule. The products identified for the photo-oxidation support a type II mechanism 

initiated by the addition of 𝑂2(¹∆𝑔) to the C-C double bond.  

Although the relative contributions of the chemical and physical deactivations in the 

quenching mechanisms are not affected by the presence of direct charged micelles which 

emulate simple pseudo-biological environments, stronger effects in more complex 
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environments should not be discarded. Further exploration of these effects is relevant to 

control of the reactivity under ambient atmospheres in the context of potential biotechnological 

applications of the metabolite. 

 Finally, the prevailing chemical nature of the quenching mechanisms suggests that 

GAD may play the role of a sacrifice antioxidant along with the UV-screening function in 

living organisms and raises the question about the interplay and balance with other reactive 

species under physiological conditions. 
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FIGURE CAPTIONS 

Fig. 1. a) Acid-base equilibrium connecting the enol form GADH (max = 268 nm) with the 

enolate form, GAD (max = 296 nm). b) Absorption spectra of gadusol in: aqueous solution at 

pH 2.5 (solid line); phosphate buffer solution pH 5 (dotted line) and phosphate buffer solution 

pH 8 (dashed line). 

Fig. 2. Stern-Volmer plots for the quenching of singlet oxygen phosphorescence by gadusol 

species in D2O at pD 5.0 (squares); pD 8.0 (circles); pD 8.0 and 0.1 mol L
-1

 SDS (triangles). 

Vertical bars are derived from the uncertainty in the τΔ values (± 2 μs). 

Fig. 3. Pseudo-first order plots for the reactive quenching of 𝑂2 
  𝑔  by gadusol species in 

aqueous solution. a) Substrate consumption: pH 8 –GAD (circles); pH 5 - data from absorption 

at 296 nm assigned to GAD (triangles up); pH 5 -data from absorption at 268 nm assigned to 

GADH (triangles down) and by TRP, taken as the reference, (squares). b) Oxygen 

consumption: pH 8 GAD (empty circles) and TRP (empty squares). Dashed lines denote the 

linear regression of the data. 

Fig. 4. Pseudo-first order plots for the reactive quenching of 𝑂2 
  𝑔  by GAD at pH 8 in: 0.10 

mol L
-1

 SDS (circles); 0.10 mol L
-1

 CTAC (triangles) and neat water (squares). Dashed lines 

denote the linear regression of the data. 

Fig. 5. Proposed pathways for the oxidation of GAD by 𝑂2 
  𝑔 . 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 30 

FIGURE. 1 

 

a 

 

 

 

 

b 

 

 

 

 

 

 

 

 

 

 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 31 

FIGURE 2 
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FIGURE 3  
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FIGURE 4 
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FIGURE 5 
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Table 1. Rate constants for the quenching of    
     by gadusol species in aqueous and 

micellar solutions 

pH (pD) surfactant 
   

(10
8
 L mol

-1
s

-1
)
 a
 

   

(10
8
 L mol

-1
s

-1
)
 b
 

5.0 

- 

0.99  ± 0.10 

0.18  ± 0.08 
c
 

- 0.93 ± 0.11 
d
 

8.0 

- 

1.27  ± 0.10 

1.05± 0.19 
d  

- 0.80 ± 0.10 
e
 

SDS 1.09  ± 0.13 
f
   0.99 ± 0.12 

d,f
 

CTAC 1.17  ± 0.11
 f
   1.02 ± 0.11 

d,f
 

 

a 
Uncertainties in    were estimated from the experimental error in  determined by TRPD 

b
 Uncertainties in    arise from the deviation of at least three independent determinations. 

c
 Effective constant derived from absorption data at 268 nm (GADH) 

d
 Effective constant derived from absorption data at 296 nm (GAD) 

e
 Derived from oxygen consumption 

f 
Apparent constant 
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Sensitized photo-oxidation of gadusol species mediated by singlet oxygen 

D. E. Orallo et al. JPPB: 2020  

 

HIGHLIGHTS  

 Gadusol species deactivate singlet oxygen in aqueous solution.  

 Gadusolate, the anionic and biologically relevant form, is ca. 700 times more efficient 

quencher than the neutral species. 

 The quenching rates are not affected by the presence of direct charged micelles. 

 Photo-oxidation occurs via a type II mechanism by the addition of 𝑂2(¹∆𝑔) and 

subsequent fragmentation of gadusolate. 
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