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Abstract 

The photochemistry, solubility and distribution between two phases of nabumetone (NB) in 
aqueous solution of sodium dodecylsulfate (SDS) micelles were studied. The solubility (SNB) 
of NB was monitored using steady-state UV-Vis absorption spectroscopy. The linear 
relationship of SNB to SDS concentration ([SDS]) gave the large value of partition coefficient, 
P (logP = 3.5), for NB distribution between the aggregate and the water phase showing the 
localization of NB in the micellar phase. NB fluorescence (FL) quantum yield increases with 

[SDS] from 0.03 in water to 0.056 at 0.2M [SDS]. The dependence of FL intensity at 355 nm 
(F335) on [SDS] is bell-shaped. The plot of initial F335 increase with [SDS] in the range 0 - 0.05 
M gave the expected value of the critical micelle concentration (cmc = 7.9 mM). Further 
increase of [SDS] resulted in 10% decrease of F335 demonstrating the variation of the micellar 
structure. Small-Angle Neutron Scattering (SANS) and refractometry confirmed this variation. 
The NB in SDS was protected against photodegradation. High Performance Liquid 
Chromatography/Mass Spectrometry (HPLC/MS) detected 2-(but-2-en-1-yl)-6-
methoxynaphthalene as NB final photoproducts in SDS solution which was not found in 
homogeneous media. The hydrated electron localized in water phase, NB radical cation and 
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NB triplet excited state both localized in the micellar phase were observed by laser flash 
photolysis of NB in micellar solution. The decay kinetics of these intermediates was different 
with respect to that in the homogeneous media. The reactivity of NB in SDS micellar 
environment compared to the homogeneous media is under the discussion. 
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Nabumetone, sodium dodecyl sulfate (SDS), small angle neutron scattering (SANS), 
photochemistry, fluorescence, laser flash photolysis. 

 

1. Introduction 

Nabumetone (NB, Scheme 1), is one of the most prescribed non-steroidal anti-inflammatory 
drugs (NSAID), which is widely used to treat osteoarthritis in humans [1] as well as in 
veterinary [2]. NB is a prodrug which is almost completely metabolized in the liver to the 
active metabolite, 6-methoxy-naphthyl-acetic acid. In comparison with other NSAIDs NB 
presents a comparable efficacy but lower side effects [1].  

Scheme 1: Chemical structure of nabumetone (1) (left) and the photoproduct  found after drug 

irradiation in aqueous SDS solution (2) (right). 

 

NSAIDs are well known photosensitizing agents [3]. This is the reason for side effects which 
are observed for 0.1 – 1% of patients treated with NB (as specified in the directions for use 
included in the commercial formulations of the drug, for instance, in relifex® and relief®). 
However, scarce research on NB photochemistry [4] and phototoxicity [5] has been performed 
in contrast with other NSAIDs. 

Although, nowadays, a new scenario has emerged namely the occurrence of pharmaceuticals 
in fresh waters all over the world [6]. Specifically, NB, coming from sewage, has been 
recently detected in Jiaozhou Bay, in China [7]. It is important to note, that hydrophilic 
pharmaceuticals persist in water, whereas hydrophobic ones accumulates in hydrophobic 
pools, as demonstrated for organic matter [8]. On these basis it can be expected 
pharmaceuticals accumulate in biological hydrophobic domains, such as skin or membranes.  
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So, it is of paramount importance, from pharmaceutical and ecological point of view, to study 
the photochemical behavior of the drug itself, not only in water, but also in complex biological 
structures. Up to date, the photochemical behavior of NB in water [9] and other homogeneous 
media was reported [10], but similar results for more complex systems are scarce [5]. 

Micelles, are interesting systems as biomimetic models and well known supercages where the 
reactivity of the loaded compounds becomes different with respect to that in homogeneous 
media. In this regard, studies of photodegradation of chemicals have been carried out in 
several micellar solutions [11–14]. The results have demonstrated that micellar environment 
can either increase [11,13,14] or decrease [11,12,14] the photodegradation of chemicals, 
including pharmaceuticals, and natural products.  

The detergent sodium dodecyl sulfate (SDS) is usually present in water coming from personal 
care products [13]. And it is currently used as excipient in some commercialized formulation 
of the NB (relafén®). It has been frequently used as biomimetic model in the study of the 
photochemical behavior of different drugs [11,15–17].Therefore, we found that SDS is a good 
choice as biomimetic model for the study of NB photochemical behavior. 

Thus, in the present work the solubility, photochemical behavior of NB in SDS micelles as 
well as the characteristics of free and NB loaded aggregates were studied using different 
techniques. The photodegradation, nature and kinetics of reaction intermediates and final 
photoproducts were examined. 

The investigation was performed in order to get information about NB photochemistry in 
organized biological like structures, for toxicological and cleaning purposes. 

The results show that NB is localized in SDS micelles, where it adopts a folded conformation. 
SDS protects NB against photodegradation in contrast to other hydrophobic medium [10]. A 
final photoproduct with reduced lateral side chain was found after drug irradiation in SDS 
micelle. Flash photolysis of NB in SDS shows the formation of three transients, namely triplet 
state, 3NB, radical cation, NB+●, and hydrated electron, eaq

SDS. The reactions of 3NB and eaq
SDS 

with molecular oxygen are controlled by diffusion and it is expected to result in the formation 
of active forms of oxygen. In contrast to the homogeneous solutions the decay of NB+● in SDS 
micelle was found to be second order and proceeded by backward electron transfer from 
species located in the aqueous phase with regeneration of starting NB. 

 

2. Experimental section 

2.1. Materials 

Nabumetone, (NB, 6142), analytical standard, was obtained from Sigma. Sodium dodecyl 
sulfate, (SDS, 230425000) for biochemistry, 99% purity, was purchased from Agros Organic. 
The chemicals were used as received. 

D2O (Sigma Aldrich, 99.8% purity) was used instead of water for the preparation of the 
samples for small-angle neutron scattering (SANS) measurements. For all other experiments, 
samples were prepared with ultrapure water (18.2 MΩ·cm, Millipore-filtered). 
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2.2. Solutions 

Aqueous stock solutions of (1) SDS, 0.2 M, (2) NB, 0.04 mM and (3) NB, 1 mM with SDS, 
0.2 M, were initially prepared under mechanical stirring. The solutions with different 
concentrations of NB and SDS were obtained by mixing appropriate amounts of the stock 
solutions. 

For solubility determination, fixed volume of the aqueous solutions with different SDS 
concentration, in the range of 0.02-0.2 M, prepared by diluting solution (1) was added to an 
excess of solid NB weighted in a topaz vial.  

For SANS, a stock solution of SDS 0.2M in D2O was prepared. 1 mM NB in 0.05 or 0.2 M 
SDS solutions in D2O were prepared by drug weighing and solubilizing. 

Irradiated 1mM NB in 0.2M SDS aqueous solution was analyzed by High Performance Liquid 
Chromatography /Mass spectrometry (HPLC/MS). 

In laser flash photolysis experiments SDS and NB concentrations were 0.2 M and 0.5 - 3 mM, 
respectively. 

 

2.3. Methods 

2.3.1. Uv-vis absorption and Emission spectroscopies 

In the solubility determination, solutions were mechanically stirred during 72h in a dark room 
thermostated at 20 ºC. Saturated solutions were centrifuged in a P-Selecta centrolit, with a 
max 12000 rpm, during 10 min. The supernatant was then diluted with water or SDS of the 
appropriate concentration, and NB concentration was determined by UV-Vis absorption 
spectroscopy. 

Measurements were performed on UV-Vis Hitachi, model 150-20, spectrophotometer. 
Absorption spectrum was obtained in the range  = 250-450 nm, in a quartz cuvette with 1cm 
pathlength, using Milli Q water as a reference. NB absorption spectrum shows characteristic 
bands centered at 317 and 330 nm [9][10][18]. The NB concentration was determined from 
the value of optical density at 330 nm, using corresponding extinction coefficients �ଷଷ0ே�:�ଶை=780 M-1cm-1 (previously reported, 330

H2O=730 M-1 cm-1 [10]) and �ଷଷ0ே�:���=1000 M-1 
cm-1, and corrected with SDS contribution using �ଷଷ0���:�ଶை = 0.34 M-1 cm-1, all of them were 
experimentally determined in this work. 

Steady-state fluorescence emission and excitation spectra were recorded with a Perkin Elmer 
LS 50B spectrofluorimeter with the thermostated sample holder. The spectra were corrected 
using software provided with the apparatus. 

The emission spectra in wavelength range em= 325-450 nm were obtained withexc= 317 nm. 
The excitation spectra were measured at em= 355 and 440 nm. 
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SDS cmc values were obtained by fitting the plots of fluorescence or refractive index data (P) 
vs. [SDS] to a logistic equation as described in [19,20]. 

The fluorescence quantum yields, ɸ� , were measured using the reference quantum yield 
(0.543) for quinine sulfate in 0.1N sulfuric acid [21]). 

Refractive index was measured in a Shibuya Optical refractometer. 

 

2.3.2. Small-Angle Neutron Scattering (SANS) 

SANS experiments were carried out on the KWS-2 diffractometer at the Jülich Centre for 
Neutron Science (JCNS), Münich, Germany [22]. An incidental wavelength of 5 Å was used 
with detector distances of 1.7 and 7.6 m and a collimation length of 8 m, to cover a 
momentum transfer, q, range from 0.008 to 0.5 Å-1. In the standard mode, a wavelength spread 

20% was used. All samples were measured in quartz cells (Hellma) with a path length 
of 2 mm using D2O as the solvent. The samples were placed in an aluminum rack where water 
was recirculated from an external Julabo cryostat, at 25 ºC. This set-up enables a thermal 
control with up to 0.1 ºC precision. Scattered intensities were corrected for detector pixel 
efficiency, empty cell scattering and background due to electronic noise. The data were set to 
absolute scale using Plexiglas as a secondary standard. The obtained macroscopic differential 
cross-section d/dΩ was further corrected for the contribution from the solvent. The complete 
data reduction process was performed with the QtiKWS software provided by JCNS in 
Garching [22].  

Solutions of SDS with two concentrations (0.05 and 0.2 M) without and with 1 mM of NB 
were studied. All samples were measured in D2O in order to optimize the contrast and 
minimize the incoherent background in SANS experiments.  

SANS curves were fitted using SAS View 4.2.1. software to an ellipsoid model (S1) [23,24] 
with a Hayter-Penfold MSA interparticle structure factor S(Q) for charged particles. The 
parameter sldSDS micelle=0.337  10-6 Å-2, a dielectric constant of D2O =77.936 [25] and the 
scale factor equal to 1, were fixed.  

The aggregation number was determined as described in [26]. 

 

2.3.3. Photodegradation 

Heraeus Noblelight photoreactor, with UV immersion lamp TQ 150 (high pressure mercury 
lamp), with emission maxima at  = 365 nm and 313 nm (with lower intensity), was used to 
irradiate the solutions.  

The wavelength of the radiation implicated in the most of the phototoxic processes was in the 
range from 300 to 400 nm [27]. 

The incident light intensity (I0) was detected by a potassium ferroxilate actinometer solution 
(0.006 M) at 365 nm, with =1.21 [28], assuming total light absorption by the actinometer 
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[29] and. using the method described elsewhere [27]. The intensity of the irradiating lamp was 
4.15 × 10−6 Einstein L−1 s−1. 

The phototodegradation quantum yield of NB, PD, was calculated from the experimental 
photodegradation rate constant, kPD, as described in [30], using the characteristics of the 
photoreactor provided by the manufacturer. 

 

2.3.4. High Performance Liquid Chromatography /Mass spectrometry (HPLC/MS) 

High Performance Liquid Chromatography-mass spectrometry (HPLC/MS) analysis was made 
with an Waters ZQ4000 equipment, with HPLC Waters Alliance 2795. 

The conditions used in HPLC were: Xbridge C18 column (100 mm length x 2.1 mm diameter 
and with 3.5 m of particle size). Binary mixtures of Solvent A: water with 0,1% formic acid 
and Solvent B: acetonitrile, with gradient included in S2 were used. The flux was 0,2 mL/min.  

Detection using diode array from 200-600 nm and quadrupole mass spectrometry with 
ionization by electrospray in positive way. 

 

2.3.5. Flash Photolysis 

The absorption spectra and the decay kinetics of intermediates were measured using the 
nanosecond laser photolysis apparatus with the registration of UV-Vis absorption at a given 
wavelength in the range 400 – 800 nm [31,32]. 

Nitrogen laser (PRA LN 1000, with 1 ns pulse duration and 337 nm radiation wavelength, 
operating in the 10 Hz frequency mode) was used as an excitation source. Acquisition and 
averaging of kinetic curves were performed by a UF258 transient recorder for PCI bus, 
connected with a personal computer. Each experimental kinetic curve contained 12–14 bits of 
points, with the distance between points being 2–400 ns. Dissolved air oxygen was removed 
by Ar bubbling during 20 min. All measurements were carried out in a quartz cell with an 
optical path length of 2 mm at 25 °С. 

 

3. Results and Discussion 

3.1. Nabumetone in aqueous SDS solution.  

3.1.1. Nabumetone Solubility in Aqueous SDS Solutions.  

The solubility, SNB, of NB in water , �ே��2ை  , and in aqueous SDS solutions, �ே����, at different 
surfactant concentrations, in a range 20-200 mM (all above cmc=8.14 [33], 8.2 mM [34]) was 
determined using UV-Vis absorption spectroscopy. The �ே���� , (S3), increases significantly 
with [SDS] up to 0.033 M at 0.2 M of SDS (5.4% wt/v), which is nearly 80 times larger than 
in water  
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The plot of �ே����/�ே��2ை  vs. surfactant volume fraction, SDS, (calculated using SDS molar 
volume �̅��� =0.288 L/M) [35]) is linear (Figure 1). 

 

Figure 1: Plot of the ratio of NB solubility in SDS and in water (�0���/�0�2ை) vs. SDS volume 

fraction (SDS). The line is the fitting to the linear function. 

 

According to Collet et al. [36], the slope of this linear dependence corresponds to the partition 
coefficient, P, of NB between micellar and water phases, which is equal to 3278 ± 72, 
logP=3.5. This value is large enough to demonstrate that NB is localized in micellar phase. 
Therefore, one can suppose that NB accumulates in the nonpolar biological structures such as 
skin or membranes and in the cells by this way. Gastro-intestinal, GI, alterations are common 
NB side effects. The mechanism of these side effects is not well known, however it has been 
found that NSAIDs are accumulated in gastric cells at acidic pH [37]. The high local 
concentration of NB could be responsible for the GI side effects.  

It is worthwhile mentioning that we obtained the value of the solubility of NB in water (S3) �ே��2ை= 0.41 mM (9.3*10-2 mg/mL), which is significantly larger than those previously reported 
(2.4*10-3 mg/mL [38] or 1.9*10-2mg/mL [39]). In all those studies, saturated samples were 
filtered, while in the present work they were centrifuged, which could justify the difference.  
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3.1.2. Steady-state Fluorescence of Nabumetone in Aqueous SDS Solutions. 

Steady-state fluorescence spectra, of NB at two drug concentrations, 0.04 and 1 mM. in the 
presence of increasing amounts of SDS were obtained (S4). NB fluorescence in water is 
characterized by the band with maximum at em=355 nm, as previously reported [5][40]. At 
low NB concentration, 0.04 mM, the increase of [SDS] up to 10 mM results in more than two 
times increase of fluorescence intensity at 355 nm, F355, followed by a plateau (Figure 2A). 
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Figure 2. A:  The plot of fluorescence intensity at 355 nm, F355, of NB, 4  10-5M (●) and: 1 

mM (▲) (Inset) and B - Refractive index of all the samples, 0.04 and 1mM of NB vs. SDS 

concentration (●). Black solid line in A and B is the fitting to a logistic equation [19,20]. 

 

In this concentration range, the variation of NB fluorescence intensity with SDS concentration 
fits successfully to a logistic equation [19,20]. An inflection point, appears at 7.9 mM, which 
corresponds to the cmc of spherical (ellipsoid) SDS micelles formation, as previously 
reported, cmc=8.14 [33] or 8.2 mM [34]. Therefore, the observed increase of fluorescence 
intensity is due to SDS micelle formation followed by localization of NB in micellar phase. 
The saturation of the fluorescence intensity at large SDS content clearly shows that the most 
part of NB localizes in micellar phase. 

However, the increase of SDS concentration above 0.1 M leads to a quenching of NB 
fluorescence, indicating some change in NB due to the restructuration of micelles (Figure 2A). 
The same trend is observed at large, 1 mM, NB concentration (Figure 2A inset). The 
quenching of NB FL intensity starts above [SDS]= 50 mM. Similarly, a decrease in the UV-
Vis absorptivity of morin was observed above [SDS]= 60 mM, and this value was assumed as 
the cmc of SDS rod micelles formation [41]. 

The variation of micellar structure with micellar growing results in the increase in the 
refractive index [42]. The plot of refractive index vs. [SDS] is of sigmoid form for both [SDS] 
(Figure 2B). The data adequately fit to a logistic equation [19,20] with the inflection point at 
98 mM. This cmc value for the rod SDS micelles formation is similar to that extracted with 
morin as a probe [41].  

The FL quantum yield of NB, determined for diluted NB solutions at the highest 0.2 M [SDS], 
FL=0.056, is higher than those in water FL=0.03 and in -CD,FL=0.045, but significantly 
smaller than that in -CD, FL=0.467 [43]. The inclusion complex of NB with -CD occurs 
through the lateral side chain avoiding its interaction with the naphthalene moiety, resulting in 
the high quantum yield of the drug [40]. By contrast, NB was assumed to be half folded or 
folded, with different lateral side chain and naphthalene ring mutual orientation and 
interaction in -CD inclusion complex or free in water, which results in lower fluorescence 
quantum yield as this  interaction is stronger [43]. Then, the fluorescence quantum yield value, 
points to a closed conformation of NB in the SDS micelle. Moreover, the intra-molecular 
interaction between the lateral side chain and naphthalene ring seems to be stronger at high 
surfactant concentration. Interestingly, the NB folded conformation is preferred for binding to 
the cytochrome enzyme CYP1A2, the hepatic enzyme involved in its metabolism [44]. The 
active site of the enzyme, is compact, narrow and able to bind flat aromatic molecules, 
features that are likely reproduced in the micelle. 

 

3.1.3. Small-Angle Neutron Scattering, SANS, Study of SDS Aggregates  
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In order to get some information about the changes in the micelle with SDS concentration, free 
and NB-loaded SDS aggregates, formed at surfactant concentrations of 50 and 200 mM, were 
studied by SANS.  

SANS curves (Figure 3), show a correlation peak characteristic of interacting charged micelles 
in solution [45], with an upturn in the scattering curve at low q, related to the existence of 
interactions between the micelles, which was previously described for SDS [46]. This upturn 
was considered to originate from attractive, entropy-driven depletion interactions that appear 
in mixtures of rod and spheres [47,48].  

As it can be observed in Figure 3A, SANS curves for NB-loaded SDS are quite similar to 
those for the free micelle, except at low q. The presence of NB decreases the attractive 
depletion interactions, up to the complete disappearance at high SDS concentration; this effect 
was also observed in the presence of added salts [46]. The q-scaling of upturn slope at low q 
(around 4), suggests the presence of larger fractals [49] of SDS micelles, which are 
consequently broken by the addition of NB. The decrease in the attractive interactions among 
the aggregates could be at the origin of this effect. 

The increase in SDS concentration produces a strong increase in the scattering intensity and 
shift of the peak towards higher q values. The peak position is related to the average distance 
between micelles, d, as qmax ∼ 2π/d. The value of d decreases from 113 to 81 Å with [SDS] 
increase from 0.05 to 0.2 M. The latter is in good agreement with d=86 Å published for 0.3 M 
of SDS [50].  

The curves were fitted to different models: sphere, cylinder (S5 and S6) and ellipsoid (Figure 
3, Table 1) for all the systems. The best fitting of the SANS curves, in most of the systems, is 
to an ellipsoidal model of micelle (Figure 3B) (Table 1), as previously described [51]. 
However, the SANS curves measured at high SDS concentration in the presence of NB, fits 
even slightly better to a cylindrical model (S6, S7) rather than to the ellipsoid one. The change 
in the micelle shape with surfactant concentration predicted by fluorescence and refractive 
index is not confirmed by SANS. However, SANS reveals some additional features due to the 
effect of NB presence on the micelle structure. 
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Figure 3: Small-angle neutron scattering data of SDS micelles free (circles and triangles) and 

loaded with 1 mM NB (squares and diamonds), at 0.05 M (○,◊) and 0.2 M (, ฀ ) of SDS 

concentration, in D2O at 25 ºC. A:  free and loaded micelles curves at both SDS 

concentrations. B: the same curves as in A, but staggered for better visibility. The fits (solid 

lines) correspond to the ellipsoidal micelle model [23,24]. 

 

Ellipsoid 
Polar 
Radius/Å 

Equatorial 
Radius/Å Charge/e 

Volume 
fraction 

Nagg  

 

SDS 14.29 ± 0.039 22.31 ± 0.027 16.79 ± 0.068 0.0125 46 

NB:SDS  14.26 ± 0.039 22.42 ± 0.027 17.70 ± 0.072 0.0119 47 

SDS 15.04 ± 0.011 23.14 ± 0.011 53.61 ± 0.540 0.0484 55 

NB:SDS  15.06 ± 0.014 23.19 ± 0.011 52.55 ± 0.492 0.0486 54 

 

Table 1: Fitting parameters to ellipsoid model of SANS curves of the free and 1mM NB-

loaded SDS 0.05M (files 1 and 2) and 0.2M (files 3 and 4) in D2O, at 298 K.  

 

It is clear that free and loaded micelle changes with SDS concentration, as showed by the 
fitting parameters, summarized in Table 1. The charge on the micelle surface significantly 
increases with SDS concentration probably due to the increase of micellar surface. SANS 
curves reflect the higher Coulomb repulsion between the electric double-layers of larger 
particles [52]. 

The increase in SDS concentration also promotes the micelles to grow up. As can be observed, 
micelle thickness increases, showing SDS monomers stretch in the aggregate, besides  the 
aggregation number, which passes from 46 to 55, at 0.05 and 0.2M SDS concentration, 
respectively; these values are consistent with the mean value Nagg =50 ± 4 [53], reported for 
free SDS at different surfactant concentrations. These changes show that at 0.2M of SDS, 
micelle affords a more compact environment to NB, than at 0.05M, as suggested previously 
using pyrene as probe [41]. This change in the micelle compactness is likely to modify the 
spatial orientation of the NB lateral side chain relative to the naphthalene ring, what on the 
basis of the quenching of fluorescence observed at high surfactant concentration, promotes 
their interaction. 

 

3.2. Photodegradation of Nabumetone in SDS 
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The photodegradation of NB was controlled by fluorescence at low and high drug 
concentrations (0.04 and 1 mM, respectively) in water and aqueous SDS solution (0.2M). The 
irradiation of NB results in a decrease of the NB emission band at max=355 nm and in 
simultaneous appearance of a new band at max=440 nm (S8), as previously observed in other 
media [12,18]. At low drug concentration, the plot of the fluorescence intensity at the 
maximum of both bands (F355 and F440, respectively) vs. time shows a delay time in water 
(tdl=4 min) (Figure 4A), not previously detected, and in SDS (tdl=2 min) (Figure 4B), whereas 
small or practically no latency time was detected at large NB concentration (Figure 4C). 
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Figure 4: The plots of fluorescence intensity at 355 and 440 nm vs. irradiation time. A:  0.04 

mM NB in water, B: 0.04 mM NB in 0.2M SDS, C: 1 mM NB in 0.2M SDS. Insets show the 

approximation by exponential function.  
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At large irradiation times, F440 in water decreases, (Figure 4A), showing that further 
transformation processes take place. 

The photodegradation first order rate constants (kPD) were obtained by fitting the decrease of 
F355 with irradiation time to the exponential function (Figure 4 inset) and quantum yields (PD) 
(Table 2) were calculated as previously described [30]. 

 

System kPD*104/s-1 PD

NBdil:H2O  5.82 ± 1.35 (2.03±0.5)10-2 

NBdil:SDS  4.36 ± 0.88 (1.52± 0.3)10-2 

NBconc:SDS 3.10 ± 0.88 (1.08± 0.3)10-2 

 

Table 2: The first order rate constants (kPD) and quantum yield (PD) of NB (dil – 0.04 mM 

and conc – 1 mM) photodegradation in H2O and in 0.2M of SDS. 

 

The photodegradation quantum yield, PD, in water obtained in the present work, is lower than 
that previously reported [10]. In the latter, the contribution of fluorescence of the alcoholic 
photoproduct to F355 was subtracted by deconvolution of the spectral contour. In the present 
work, the contribution of this photoproduct could justify the observed difference.  

In SDS, at both NB concentrations, PD is significantly smaller than in water (Table 2). The 
inclusion of NB into the micelle results in the protection of NB from photodegradation. 

This result somehow seems to be unexpected, since PD increases in butanol, environment with 
lower polarity than water [10]. The protective effect of SDS can be associated with NB 
screening in a micelle due to the “super cage effect”, as it was supposed for the antibiotic 
norfloxacin in SDS [15].  

The fluorescence excitation spectra of the solution of 1mM NB in aqueous 0.2M of SDS at 
different times of photolysis are presented in Figure 5. 

 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 16 

 

Figure 5: The fluorescence excitation spectra of irradiated samples of NB 1 mM in 0.2M SDS 

at different irradiation times: 0 (1), 2 (2), 4 (3), 9 (4), 15 (4), 40 (6), 50 (7) seconds. A:  at the 

emission maximum of NB at em=355 nm. B: at the emission maximum of the photoproducts 

at em=440 nm. 

 

The fluorescence excitation spectrum of irradiated samples at em=355 nm (Figure 5A) shows 
NB degradation, and that at em=440 nm (Figure 5B) demonstrates the appearance of at least 
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two photoproducts. The excitation spectrum at em=440 nm presents two excitation maxima at 
exc=310 and 350 nm. The band at exc=310 nm was previously detected in water [9] and in 
butanol [10]. However, the band at exc=350 nm was not observed. This band suggests the 
formation of one other photoproduct in SDS solution. The increase of the excitation intensity 
at exc ≥ 370 nm and decrease of that at exc ≤ 370 nm at large irradiation times assume that 
this photoproduct, at least in part, transforms into the next one. 

 

3.2.1. High Performance Liquid Chromatography/Masses Spectrometry (HPLC/MS) study of 
NB Photoproducts 

Next the structures of the photoproducts formed by 1mM NB in 0.2M SDS aqueous solution 
after 1h of irradiation were determined by means of HPLC/MS.  

The chromatogram of the sample (S9, A) shows the most intense peaks with retention times of 
18.8 min corresponding to the undegraded NB, and a second one at 17.9 min corresponding to 
the photoproduct formed. The mass spectrum of non-degraded NB was previously reported 
[9]. Mass spectrum of the peak appearing at shorter retention time (S9, B) with an intense peak 
with M: 213, was assigned to 2- (but-2-en-1-yl)-6-methoxynaphthalene (2) (Scheme 1), 
correspond to the photoproduct formed after NB irradiation in SDS. Although one 
photoproduct was just found, excitation spectra (see previous section) suggested the formation 
of two photoproducts one from the other. So, it is possible to speculate that this photoproduct 
found in SDS is a secondary one formed from the alcohol dehydration of the compound 4-(6-
methoxy-2-naphtyl)-2-butanol, (3) (Scheme 2, left). This photoproduct was not found in any 
media where the NB photodegradation was studied [9][10][54][55]. It is worthy to know that 
6-methoxy- 2-naphthaldehyde (4) (Scheme 2, center) was the major photoproduct found in 
water [9] and in n-butanol [10]. This later compound could also be formed after further 
oxidation of the lateral side chain from (2) detected in SDS (Scheme 1). 

The results all together suggest, NB degradation happens by a stepwise processes involving 
the initial carbonyl photoreduction and further oxidations of the lateral side chain.  

Interestingly, NB metabolism in liver occurs by two mechanisms: ketone reduction and 
oxidative cleavage of the lateral side chain. NB hepatic reduction, yields (3), (Scheme 2 left) 
by a not well known, but highly stereospecific mechanism. Whereas, by oxidation NB yields 
6-methoxy-2-naphtyl acetic acid (5) (Scheme 2, right) with the lateral side chain oxidized up 
to the acidic compound which is the active metabolite of the NB [56]. 
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Scheme 2: Chemical structure of: (3) probable primary photoproduct formed in SDS which 

has  

the same structure than the metabolite formed by metabolic reduction of the NB  (left);  (4) 

main photoproduct found in homogeneous media by NB irradiation (center); and (5) NB 

metabolite formed in the liver by drug oxidation in liver (right). 

 

Therefore the loading of the NB in the SDS micelle protects the drug to the oxidative reactions 
of the lateral side chain.  

And the reactivity of the drug in SDS against light seems to be closely related to the biological 
enzymatic degradation of the NB after oral administration.  

 

3.2.2. Intermediates of photolysis of NB in aqueous micellar solutions of SDS 

The nanosecond laser flash photoexcitation of NB in aqueous SDS solution results in the 
formation of three intermediates characterized by transient absorption with maxima at 440, 
630 and 720 nm observed immediately after the laser pulse and by significantly different 
lifetimes (30 s, 1000 s and 1s, respectively) (Figure 6, curve A). 
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Figure 6: UV-vis transient absorption spectra of intermediates obtained upon laser flash 

photolysis of deaerated aqueous solutions of NB (1 mM) in the presence of SDS (0.2 M) at 

0.05 (A), 5 (C) and 1000 (D) s after the laser pulse (337 nm) and (B) is the difference of 

absorption spectra (A) and (C) representing the absorption spectra of eaq
SDS. 

 

The relatively narrow band with maximum at 440 nm is the characteristic of NB triplet excited 
state (3NB) and that at 630 nm is the absorption of NB radical cation (NB+•), as it was 
previously described in homogeneous solutions [4]. The short lived relatively broad absorption 
with the well known characteristic maximum around 720 nm can be assigned to the hydrated 
electron eaq

SDS [57]. 

The eaq
SDS absorption spectra calculated by subtraction of the initial transient absorption and 

the residual transient absorption observed after eaq
SDS decay (Figure 6, curve B) practically 

coincides with that in pure water showing that eaq
SDS is localized in a water phase. 

The quadratic dependence of eaq
SDS and NB+• yields on laser energy is observed as already 

reported for the photogeneration of NB+• in different polar homogeneous solutions [4]. 
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Therefore, a biphotonic process is responsible for the formation of eaq
SDS and NB+•. The 

photoionization of NB in SDS solution observed under the present experimental conditions 
seems to be rather efficient demonstrating the effective charge separation effect instead of 
backward recombination of eaq

SDS and NB+•. One can suppose that NB is localized in the 
vicinity of the micellar surface where the negative charge of SDS heads facilitates the charge 
separation. 

The eaq
SDS decay kinetics in deaerated solutions obeys a monoexponential law with first order 

rate constant (ke) near 1*106 s-1. On one hand this value seems to be an order of magnitude 
larger than the expected one for the hydrated electron in pure water (≤1*105 s-1 [57]). 

On the other hand the characteristic rate constant of the diffusion controlled recombination of 
the pair of particles in SDS micelle is of the order of 1•107 s-1 [58–61]. However, eaq

SDS decay 
is significantly longer. Moreover, the lifetime of NB+• is significantly longer than that of eaq

SDS 
(see below). Therefore eaq

SDS escapes from the micelle to the water bulk due to the 
electrostatic repulsion from the negatively charged micelle. 

Solvated electron was not observed in the course of NB photoionization in homogeneous polar 
solvents and even in water (with 20% of acetonitrile) [4]. It was supposed that the solvated 
electron is short-lived in homogeneous solution because of the ketone moiety of NB acting as 
an electron scavenger. The corresponding aliphatic ketone radical anion would be transparent 
at the wavelengths monitored. However, the decay of eaq

SDS accelerates only insignificantly 
with [NB] increase. The value of ke increases from 0.71*106 s-1 to 1.1*106 s-1 with [NB] 
increase from 0.5 to 3 mM. The slight dependence of ke on [NB], shows that NB localized in 
micellar phase, is screened from eaq

SDS in the water phase. Therefore, one can assume that 
eaq

SDS is quenched by the residual amount of NB in the water phase which is near 0.4 mM. In 
this case, the close to diffusion-controlled quenching of eaq

SDS by NB occurs with rate constant 
of the order of 2*109 M-1s-1 which agrees with the lack of solvated electron observation in 
microsecond time scale in relatively concentrated homogeneous NB solutions 

The quenching of eaq
SDS by molecular oxygen is controlled by diffusion. The value of 

corresponding rate constant equal to k = 1.6*1010 M-1s-1 was estimated using the oxygen 
concentration of 0.28 mM in air saturated water. The formation of reactive radical O2

-• is 
expected. 

The 3NB and NB+• absorption is observed after eaq
SDS decay was complete (Figure 6, curve C). 

The 3NB decay kinetics in deaerated SDS solution is monoexponential with first order rate 
constant 3.1*104 s-1, which is significantly smaller than that measured for eaq

SDS. This value is 
very similar to those reported for 3NB decay in homogeneous media [4], where it was assumed 
that the presence of the butanone substituent controls the decay of NB excited states due to -
aryl quenching [4]. In contrast to the homogeneous media, the self quenching of 3NB was not 
observed in SDS solution because of small diffusion coefficient of 3NB localized in micellar 
phase. 

Triplet state of many ketones is able to abstract hydrogen from suitable substrates [62]. Simple 
aliphatic hydrocarbons are able to provide protons for the ketone photoreduction [63]. This 
primary process results finally in the carbonyl group reduction [62,64]. 
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It was discussed already and confirmed experimentally that 3NB is not such reactive as ketone 
triplet states toward hydrogen abstraction even from strong hydrogen donors [4]. However, 
one can suppose that there is some side process of 3NB decay which is the reduction of the 
carbonyl group with formation of the corresponding alcohol derivative.  

The quenching of 3NB by molecular oxygen, is controlled by diffusion with spin-statistical 
factor 1/9, which is the characteristic of triplet-triplet energy transfer. The value of 
corresponding rate constant equal to 1.5*109 M-1s-1 was calculated using the oxygen 
concentration in air saturated water 0.28 mM. The formation of reactive singlet oxygen 1O2 is 
expected as it was observed in homogeneous media [5]. 

The transient absorption of NB+• remained even after the decay of the 3NB was complete and 
besides the most important band at 430 nm, it showed additional bands near 450 nm described 
for NB+• and other naphthalene-like radical cations (Figure 6, curve D) [3,4][65]. 

The lifetime of NB+• in SDS solution under the experimental condition was ≥ 0.5 ms and 
increased with the decrease of initial NB+• concentration. This lifetime is an order of 
magnitude longer than that observed for NB+• in polar organic solvents and even in water with 
20% of acetonitrile [4]. The first order decay kinetics of NB+• independent on the NB 
concentration was observed in homogeneous media and it was assigned to some reaction in the 
presence of butanone side-chain. The decay kinetics of NB+• in SDS solution was independent 
on [NB]. Thus, a dimer formation between NB radical cation and NB is not important under 
the experimental conditions used in the present work. This observation is in contrast to that for 
radical cations of naphthalene and some derivatives which reacts with their ground state to 
form radical cation of dimer at large enough concentration of naphthalene [65][66]. 

In spite of the fact that electron donating substituents in naphthalene moiety favors the dimer 
cation formation, in the case of NB+• in SDS solution, the micelle prevents the bimolecular 
reaction of NB+• in one micelle with NB in the other. Although the minor amounts of dimers 
can be formed in reaction of NB+• with residual NB in water phase or in small number of 
micelles with the couple of NB. 

Surprisingly, the decay kinetics of NB+• in SDS solution followed the second order kinetics 
and it was independent on the presence of air. The corresponding values of k2/εl, were k2 is the 
second order rate constant, ε is NB+• extinction coefficient and l is the optical path length, 
were obtained by fitting the experimental decay kinetics. In order to extract the extinction 
coefficient, the absorption of NB+• was compared with that of eaq

SDS (see Fig. 6, spectra B and 
C). It is reasonable to suppose that eaq

SDS and NB+• are formed in equal amount. The value ε = 
7.4*103 M-1cm-1 at 630 nm was obtained using eaq

SDS extinction coefficient equal to that in 
water (1.85*104 M-1cm-1 [57]). Then the calculated value is k2 = 8.9*108 M-1s-1 which is 
somewhat smaller than the diffusion-controlled one, suggesting that NB+• is protected in the 
negatively charged micelle. So, it can be assumed that NB+• localized in SDS micelle reacts 
with negatively charged NB derivative which appeared in reaction of eaq

SDS or O2
-• with 

residual NB in the water phase (see above). 

Therefore, the behavior of transient photoproducts of NB in aqueous SDS solution differs 
significantly from that in homogeneous environment. On one hand, the formation of active 
form of oxygen is still efficient and thus NB could be a potential photosensitizer contributing 
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to the overall phototoxicity. On the other hand, the radical cation of NB is isolated in micellar 
phase and the most important pathway of its decay seems to be the regeneration of NB with 
probable minor formation of some dimer-like forms. 

 

4. Conclusion 

The results obtained in the present work show the significant difference in photochemical 
behavior of NB in aqueous SDS micellar solution with respect to that in homogeneous liquids. 
The fluorescence study demonstrates that NB is localized in micellar phase. The most 
important difference seems to be the protection of NB in SDS micelles from photodegradation 
due to a slow down or perhaps a change in the reactions involved in its mechanism. The 
quantum yield of photodegradation is smaller in micellar system than that in homogeneous 
solvents including water. Moreover, a different final photoproduct, 2- (but-2-en-1-yl)-6-
methoxynaphthalene, is formed. This photoproduct formation shows that the probability of 
NB lateral side chain oxidation is decreased in SDS compared to homogeneous media. The 
formation and decay of NB transients studied by the laser flash photolysis revealed the 
principal differences from those in homogeneous solutions. The primary events after 
photoexcitation of NB in SDS micellar solution demonstrate the regeneration of NB due to its 
isolation and protection in micellar phase as the most important pathway. The photoproduct 
seems to be formed from the 3NB by hydrogen substraction from the SDS hydrocarbon chains. 
The comparative study of the drug behavior in homogeneous and organized environment may 
have some applications after additional studies in different systems. 
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Figure Captions 

Figure 1: Plot of the ratio of NB solubility in SDS and in water (�0���/�0�2ை|) vs. SDS volume 

fraction (SDS). The line is the fitting to the linear function. 

Figure 2. A:  The plot of fluorescence intensity at 355 nm, F355, of NB, 4  10-5M (●) and: 1 

mM (▲) (Inset) and B - Refractive index of all the samples, 0.04 and 1mM of NB vs. SDS 

concentration (●). Black solid line in A and B is the fitting to a logistic equation [19][20]. 

Figure 3: Small-angle neutron scattering data of SDS micelles free (circles and triangles) and 

loaded with 1 mM NB (squares and diamonds), at 0.05 M (○,◊) and 0.2 M (, ฀ ) of SDS 

concentration, in D2O at 25 ºC. A:  free and loaded micelles curves at both SDS 

concentrations. B: the same curves as in A, but staggered for better visibility. The fits (solid 

lines) correspond to the ellipsoidal micelle model [23, 24]. 

Figure 4: The plots of fluorescence intensity at 355 and 440 nm vs. irradiation time. A: 0.04 

mM NB in water, B: 0.04 mM NB in 0.2M SDS, C: 1 mM NB in 0.2M SDS. Insets show the 

approximation by exponential function.  

Figure 5: The fluorescence excitation spectra of irradiated samples of NB 1 mM in 0.2M SDS 

at different irradiation times: 0 (1), 2 (2), 4 (3), 9 (4), 15 (4), 40 (6), 50 (7) seconds. A:  at the 

emission maximum of NB at em=355 nm. B: at the emission maximum of the photoproducts 

at em=440 nm.  

Figure 6: UV-vis transient absorption spectra of intermediates obtained upon laser flash 

photolysis of deaerated aqueous solutions of NB (1 mM) in the presence of SDS (0.2 M) at 

0.05 (A), 5 (C) and 1000 (D) s after the laser pulse (337 nm) and (B) is the difference of 

absorption spectra (A) and (C) representing the absorption spectra of eaq
SDS. 

Scheme 1: Chemical structure of nabumetone (1) (left) and the photoproduct  found after drug 

irradiation in aqueous SDS solution (2) (right). 

Scheme 2: Chemical structure of: (3) probable primary photoproduct formed in SDS which 

has the same structure than the metabolite formed by metabolic reduction of the NB  (left); (4) 
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main photoproduct found in homogeneous media by NB irradiation (center); and (5) NB 

metabolite formed in the liver by drug oxidation in liver (right). 
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Graphical abstract 

Highlights 

Nabumetone strongly partitions inside the sodium dodecylsulfate micelles 
Nabumetone fluorescence intensity is sensitive to the micellar structure 
Aqueous sodium dodecylsulfate micelles protects nabumetone against 
photodegradation 
Solvated electrons from NB are detected in the micellar environment 
Triplet excited state is the precursor of the reduced nabumetone photoproduct 
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