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Abstract. The photooxidation of Azure A and fluorescence properties of Azure A and its photo- 
product have been investigated in aqueous media and in the presence of 3-cyclodextrin (~-CD). 
The fluorescence intensity of the complex formed between the photoproduct and fl-CD was found 
to be three times higher than that of the uncomplexed Azure A photoproduct. A complex formation 
constant of 110 • 40 M-1 wag calculated using the Benesi-Hildebrand treatment of the fluorescence 
emission data. Although the stoichiometry of the Azure A photoproduct: 9-CD complex was found 
to be 1 : 1, it seems that the Azure A structure is only partially included. Calibration graphs were 
plotted for t]he free Azure A photoproduct and the photogenerated product included in ~-CD. The 
analytical parameters and quantification limits were determined. 

Key words. Azure A, /3-cyclodextrin, inclusion complex, photochemically induced fluorescence 
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1. Introduction 

Cyclodextrins (CDs) and their derivatives are toms-shaped, cyclic oligosaccharides 
made of six, seven or eight, glucose units (c~,- 3-, and 7-cyclodextrins) joined by 
~-(1-4) linkages, obtained from the degradation of starch by glucosyltransferase 
enzyme. The main interest in these compounds rises primarily fi'om their ability 
to include in their empty cavities, organic, hydrophobic molecules from aque- 
ous media. These inclusion complexes formed between cyclodextrins (host) and 
organic molecules (guest), are established only by physical forces without covalent 
bonding. The preparation of cyclodextrin inclusion complexes in solution is sim- 
ple, and the inclusion can be total or partial according to geometrical rather than 
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chemical factors of the guest structure. Although the host: guest ratio is usually 
1 : 1, one or more CD molecules can contain one or more guest molecules [1]. 

Complexed cyclodextrins have a large variety of applications. They have been 
successfully applied, either in laboratory or even at the industrial scale complex 
production. In pharmaceutical applications, CDs are used in various drug formu- 
lations. CD complexes may enhance the solubility of drugs in solutions [2, 3], 
improve their chemical and photochemical stability [3, 4], mask unpleasant taste 
and smell of drugs [5, 6], and minimize side effects [7, 8]. It has been also observed 
that CD inclusion complexes improve in vitro and in vivo pharmacological effects 
and absorption [9, 10]. Moreover, some examples are known in the food industry 
and in cosmetics where CDs can be used for the preparation of stable water-in-oil 
emulsions [11]. 

Several spectroscopic methods are useful in the analysis and characterization 
of the CD complexes. The quantitative determination of the guest content can be 
performed by using current analytical methods such as UV-vis, GLC and HPLC. 
Inclusion is also characterized by changes in various spectral properties of both 
the guest and host. A circular dichroism signal can be observed on adding a CD to 
the aqueous solution of an achiral potential guest. The induced signal intensity and 
sign are sensitive to the orientation of the guest chromophore included in the CD 
cavity [1]. Frequently, a bathochromic shift of several nm and/or band broadening 
are observed in the UV absorption spectra of guests. At sufficiently high CD con- 
centration these UV properties are similar to those obtained in ethanolic solutions 
[1, 12]. Luminescence spectroscopy is an interesting means to characterize CD 
complexes, because of the significant signal increment that is frequently induced. 
Fluorescent organic compounds in organic solvents, usually present poor fluo- 
rescence in aqueous media. Adding CDs to such solutions results in an important 
enhancement of fluorescence [ 13,14]. The CD cavity behaves similarly to an organ- 
ic solvent; it affords an apolar environment and a nonhydrated state for the included 
chromophore. Cramer et al. [15], reported a ten-fold enhancement of the fluores- 
cence emission on addition of 0.01 M of fl-CD to 1-anilino-8-naphthalensulfonate 
aqueous solution. Park and Park [16] showed that inclusion of (aminostyryl)-l- 
methylpyridinium dyes by fl-CD provoked an important increase of fluorescence, 
and they used these results for fluorescent-probe studies on association of cationic 
and neutral organic molecules with fl-CD. 

Azure A (AZ) is a charged phenothiazine derivative (see Scheme 1). This class 
of compounds is widely used in pharmaceutical preparations and employed as 
psychotropic tranquillizing drugs [17]. Phenothiazine dyes such as Azure A, have 
been investigated for their phototherapeutic effects against carcinomas [18]. Phe- 
nothiazine derivatives have other applications such as insecticides, anthelmintics, 
pigments, and oxidation-reduction indicators [19]. 
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Scheme 1. Structures of Azure A (AZ) and ,8-cyclodextrin (;3-CD). 

The photochemical oxidation of phenothiazines is also interesting for quan- 
titative analytical purposes, because of the relatively strong fluorescence of the 
oxidation photoproducts [20-26]. 

In a previous study, we have investigated the formation of an inclusion com- 
plex of unsubstituted phenothiazine with/3-cyclodextrin and 2-hydroxypropyl-/3- 
cyclodextrin (HP-'J-CD). A 1 : 1 stoichiometry was found for the complex with 
HP-/3-CD, which has a formation constant of 80 M-1 [27]. 

In this work, the influence of the presence of J-cyclodextrin on the fluores- 
cence properties and photooxidation reaction of Azure A in aqueous media has 
been studied. Also, the improvement of the analytical parameters, based on this 
new, '3-CD-enhanced, photochemically-induced fluorescence approach, has been 
considered for potential applications. 

2. Experimental 

2.1. REAGENTS 

Azure A (AZ, 3-amino-7-dimethylaminophenothiazinium chloride), was purchased 
from Fluka AG (Bush, Switzerland). 9-cyclodextrin (,:3-CD) was obtained from 
Janssen Chemica. Buffer solutions were prepared from NH3 and NH4C1 purchased 
from Panreac (Spain). These analytical grade compounds were used as received 
without further purification. Distilled water was used throughout. 

2.2. INSTRUMENTATION AND EXPERIMENTAL CONDITIONS 

Fluorescence excitation and emission spectra were recorded on a Perkin Elmer 
Model LS-50, luminescence spectrometer equipped with a xenon discharge lamp 
equivalent to 20 kW for 8 #s duration. The instrument was connected via an RS- 
232 interface to an IBM PS\2 80386-SX microcomputer. Data acquisition and data 
analysis were performed by using the Perkin-Elmer fluorescence data manager 
software, version 2.70. The instrument working conditions were: excitation and 
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emission bandwidth 15 nm, photomultiplier voltage 700 V, and scan rate of spectral 
acquisition 240 nm/min. All measurements were performed in a 1-cm quartz cell at 
20 ~ using a thermostatic cell holder and a Selecta Model 382 thermostatic bath. 
An Osram 200 W high pressure mercury lamp with an Oriel Model 8000 power 
supply was used for sample irradiation. The photolysis quartz cell was placed at a 
distance of 30 cm from the lamp and the solution was stirred magnetically during 
the irradiation. The formation constant of the complex was determined by a non- 
linear regression method, based on an iterative Marquard-type process. First order 
apparent rate constants were determined by applying the Guggenheim method [28] 
to the fluorescence emission spectral data. 

2.3. PROCEDURES AND SAMPLE PREPARATION 

A 10 .3 M stock solution of Azure A was prepared by dissolving the compound 
in various buffer solutions of pH ranging from 6 to 13. An optimal pH value of 
10.5 was found to give the largest photochemically induced fluorescence signals 
and was used for all measurements. 10 .5 M solutions were obtained by serial 
dilutions in a total volume of 25 mL containing 9 mL of buffer, and making up 
to the mark with distilled water. Under these conditions, AZ presented the same 
photophysical properties as in a solution of total buffer solvent. An aliquot of the 
working solution of AZ was irradiated with UV light of the mercury lamp for 
suitable time intervals. 

For the study of the influence of the/3-CD concentration on the fluorescence 
intensity, several solutions were prepared, by maintaining the concentration of AZ 
(10 .5 M) and the buffer volume (9 mL) constant, and varying the volume of the 
stock/3-CD solution (10 -2 M) added. An irradiation time of 16 min was used. 

3. Results and Discussion 

3.1. FLUORESCENCE PROPERTIES OF AZURE A AND ITS PHOTOPRODUCT IN 

AQUEOUS MEDIA 

The native fluorescence of Azure A in aqueous medium (pH = 10.5) is characterized 
by a very low intensity. The excitation spectrum presents only one maximum 
located at 351 nm, and the emission spectrum shows a maximum at about 385 nm, 
and a shoulder in the higher wavelength region (about 422 nm). 

It is well known that the fluorescence intensities and maxima wavelengths 
of phenothiazines increase upon UV irradiation [20-26]. This behaviour can be 
explained by the formation of a photoproduct which has been identified as a 
sulphoxide derivative produced by the oxidation of the phenothiazine sulfur group 
[26]. The electronic structure of the first excited singlet-state of the phenothiazine 
neutral photoproduct is stabilized, producing a red-shift of the excitation and emis- 
sion maxima, and a higher fluorescence quantum yield. In the case of AZ, we found 
that, after an irradiation time (tiff) of six minutes, the excitation spectrum exhibited 
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5 Fluorescence excitation and emission spectra ofAzure A (10-  M) in aqueous solutions Fig. 1. 
(pH = 10.5), at 20 ~ (1) before irradiation, (2) irradiated for 6 rain, and (3) irradiated for 16 
min, in the presence of 6.4 • 10 -3 M/3-cyclodextrin. 

a slightly blue shifted maximum at about 342 nm, while the emission spectrum was 
strongly red shifted at 512 rim; both bands were strong, broad, and structureless. 
The fluorescence intensity was increased by about 30 times, relative to that of a 
non-irradiated AZ solution (Figure 1). 

3.2�9 EFFECT OF ,!~-CD ON THE FLUORESCENCE SPECTRA 

It is well documented that aromatic compounds with one or two benzene rings can 
be included in the/3-CD hydrophobic cavity, in aqueous media [1, 29, 30]. Usually, 
one of the specific characteristics of the inclusion complex formed between 9-CD 
and the organic compound, is an enhancement of its fluorescence quantum yield 
relative to the original luminescence of the analyte [1 ]. Moreover, several authors 
[1, 16, 31-33], have reported that the fluorescence maxima of such inclusion 
complexes are shifted, to higher wavelengths for excitation main peaks, and to 
lower wavelengths for emission ones. 

All these features are in agreement with the fluorescence experimental data 
we have found in our investigation of the irradiated Azure A:,J-CD aqueous 
buffer solutions�9 lndeed, the photochemically-induced fluorescence spectrum of 
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the formed complex exhibits, relative to that of the non-complexed photoproduct 
of Azure A, a red-shift of about 18 nm for the excitation peak maximum, which 
is centered at 360 nm, and a blue shift (~ 20 nm) for the emission maximum, 
which appears at 492 nm (Figure 1). The two fluorescence bands remain broad and 
structureless as for the AZ photoproduct. In addition, the fluorescence intensity of 
the complex presents a three-fold increase relative to the intensity of the free Azure 
A photoproduct in aqueous solution (Figure 1). The latter pronounced wavelength 
shifts and fluorescence intensity enhancement indicate that the analyte should be 
included in the fl-cyclodextrin host. 

3.3. KINETICS OF THE OXIDATION PHOTOREACTION 

In order to quantitatively evaluate photooxidation kinetics, we have studied the 
evolution of photoproduct fluorescence intensity with irradiation time, both for 
free Azure A and the Azure A photoproduct :/3-cyclodextrin complex. 

In fact, the fluorescence intensity increases exponentially with increasing irra- 
diation time, reaching a plateau at about 6 rain for the free Azure A photoproduct 
solutions, and at 16 min for AZ photoproduct : fl-CD (Figure 2). It is worthwhile 
to note that the shape and position of emission bands remain unchanged during 
the photolysis time (Figure 3), indicating that the fluorescence emission mainly 
arises from AZ photoproduct. Also, because complexation with/3-CD is known to 
reduce or even to inhibit the photochemical degradation of pharmaceutical drugs 
[34], the formation of an inclusion complex must act as an inner filter against UV 
irradiation. Indeed, the photostability of Azure A is improved in the presence of 
3-CD, as shown by the observed longer irradiation time (16 rain). After the plateau 
region, a decrease of fluorescence intensity is noted. The last part of the kinetic plot 
could be explained by a secondary reaction of the Azure A photoproduct, giving a 
non fluorescent compound. 

The treatment of the variation of fluorescence data with time, before the plateau 
region, was performed using the Guggenheim method [28] for first-order kinet- 
ics. Straight lines were obtained (correlation coefficients >_0.98) when plotting 
ln(/t - [)  vs. irradiation time. However, the slopes of these lines were concentration 
dependent, suggesting that the oxidation photoreaction follows pseudo-first-order 
kinetics. It was found that for 10 .5 M solutions, the photooxidation apparent rate 
constant of AZ in the presence of fl-CD @'1 = 0.20 min- l ) ,  was smaller than that 
of free Azure A (/~'1 = 0.28 min-1). Similarly, Flamigni [35] established recently 
that the photoreactivity of triplet and radical intermediates of Rose Bengal and 
Erythrosin B was slower in complexes with a- and 7-cyclodextrins than in water. 
Park et al. [36] found also that the hydration reaction of 1,4-dihydronicotinamide 
analogues was retarded by the presence of r 
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Fig. 2. Evolution of the fluorescence intensity of the Azure A photoproduct with irradiation 
time. (A) Free Azure A, (O) AZ: ,3-CD complex. 

3.4. EFFECT OF THE 9-CD CONCENTRATION 

The addition of/3-CD to the Azure A solution produces an enhancement of the 
photochemically induced fluorescence emission of the complex. This intensity 
depends on the added/~-CD concentration (Figure 4). Indeed, for a constant analyte 
concentration (10 -5 M) and a 16-min irradiation time, the fluorescence emission 
intensity increases significantly with increasing/3-CD concentrations from 4 • 
10 -4 M to 6.4 • 10 -3 M. It was found that the maximum fluorescence intensity 
of the complex could not be reached, because of the low/3-CD solubility limit. 
However, these fluorescence data can be used for determining the stoichiometry 
and formation constant of the AZ photoproduct :/3-CD complex. 

3.5. CHARACTERISTICS OF THE AZ PHOTOPRODUCT :9-CD INCLUSION 
COMPLEX 

The stoichiometry and the formation constant (K f) of the Azure A oxidation photo- 
product : ~3-cyclodextrin (AZ :/3-CD) complex were calculated as previously [27], 
assuming a 1 : 1 stoichiometry ratio, according to the following equilibrium: 

[/3-CD] + [AZ] = [~J-CD : AZ] (1) 

It was assumed that the AZ photoproduct concentration decrease due to photodegra- 
dation was negligible under the experimental conditions used. 

As can be observed in Figure 4, the fluorescence intensity of Azure A photo- 
product increased on interacting with ,J-CD and forming the inclusion complex. 
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Fig. 3. Spectral changes, at various UV irradiation times, of Azure A (10 -5 M) aqueous 
solutions (pH = 10.5) at 20 ~ in the presence of 6.4 • 10 -3 M/3-CD. 

In the case of a 1 : 1 stoichiometry, the relation between this fluorescence increase 
and the ~-CD concentration, can be represented by the following equation [37]: 

1 1 1 

-F - Fo - (F,~o - Fo ) tC f I ,~  - CD]o + F~  - Fo (2) 

where [fl-CD]o is the initial fl-CD concentration, Fo denotes the fluorescence 
intensity of AZ in the absence of fl-CD, F ~  is the fluorescence intensity when all 
of the AZ photoproduct molecules are essentially complexed with/3-CD, F is the 
measured fluorescence at each/3-CD concentration tested, and IQ is the formation 
constant of the complex. The representation of 1 / ( F  - F0) vs 1/L~-CD]0, known 
as a double reciprocal plot [37], allows the determination of the stoichiometry and 
the formation constant. If the stoichiometry is 1 : 1, a linear plot should be obtained. 
In the case that a 2:1 stoichiometry is predominant, the application of Equation 
(3) should give a linear plot: 

1 1 1 
_ + (3 )  

F -  Fo ( IF~ - Fo)K~f[ /3-CD]~ F ~  - Fo 
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Fig. 4. Influence of ,3-CD concentration on the photochemically induced fluorescence 
intensity of a 10 .5 M Azure A aqueous solution (pH = 10.5, r = 16 min, T = 20 ~ The 
solid line was plotted according to Equation 4, assuming a 1 : 1 stoichiometry. 

where K} is the formation constant of the complex with a 2" 1 stoichiometry, and 
the remaining symbols have the same meaning as in Equation (2). Typical double- 
reciprocal plots for the AZ photoproduct :/3-CD complex are shown in Figure 5. 
A linear relationship is obtained when 1 / ( F  - /7o )  is plotted against 1/[/3-CD]0, 
(r = 0.99), indicating that the stoichiometry of the complex is 1 : 1 (Figure 5a). 
In contrast, a downward concave curvature is obtained when these data are fitted 
to a 2 : 1 complex, using Equation (3) (Figure 5b). The linear plot can be used to 
obtain K i ,  by simply dividing the intercept by the slope, but Benesi-Hildebrand 
plots tend to place more emphasis on lower concentration values than on higher 
ones. As a result, the slope of the line is more sensitive to the ordinate value of the 
point having the smallest concentration. Therefore, a better estimation can be made 
using nonlinear regression analysis [38]. Rearranging the data, we obtain the direct 
relationship between the observed fluorescence intensity, F and [9-CD]0: 

( E ~  - Fo)Kf[/3-CD]o 
F = Fo + (4) 

1 + ~%[~-CD]0 

Equation (4) allows a direct fit of the exponential data. The initial parameter 
estimates needed for the nonlinear regression method have been obtained from the 
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linear plots. The calculated association constant is 110 i 40 M -1. This formation 
constant of relatively low value is of the same order of magnitude as that obtained 
for the complex formed between unsubstituted phenothiazine photoproduct and 
2-hydroxypropyl-/3-cyclodextrin (Kf  = 80 4- 40 M -1, [27]). This result indicates 
that both phenothiazine photoproducts are included partially in the/3-cyclodextrin 
cavity, as was concluded for the complex formed between/3-CD and proscillaridin 
[1]. The latter characteristic may be due, in our case, to steric hindrance or electro- 
static repulsive interaction caused by the lateral sulphoxide chromophore, formed 
after UV irradiation. 

3.6. ANALYTICAL STUDIES 

In order to evaluate the analytical interest of this approach, we have established 
the calibration graphs for uncomplexed and complexed Azure A photoproduct, in 
aqueous media (pH = 10.5). The analytical figures of merit were also determined. 
The calibration graphs were constructed by plotting the fluorescence signal against 
initial AZ concentration, under the following conditions: Ae• = 342 n m ,  /~em = 

510 nm and tirr = 6 min, for free AZ, and he• = 360 nm, /~em = 491 nm and tir~ 
= 16 rain, for the AZ photoproduct :/3-CD complex. The ranges of linearity were 
0.1-1.5 #g mL -1 and 0.05-1.5 #g mL -1, for free AZ and AZ photoproduct :/3- 
CD in aqueous solutions, respectively. The limits of quantification (LOQ) and of 
detection (LOD) were found to be 43 and 14 ng mL -1 , respectively, in the absence 
of/3-CD, and 11 and 4 ng mL -~ , respectively, in the presence of ;3-CD. This shows 
that the photochemical-fluorimetric detectability of AZ is significantly enhanced 
when complexed with ,3-CD. For a series of six fluorescence measurements, the 
relative standard deviations of the method were 5.5 and 4.6%, for free AZ and 
complexed AZ, respectively. 

4. Conclusions 

The Azure A photoproduct:/3-CD inclusion complex was characterized by an 
important (three-fold) fluorescence signal enhancement, and a longer irradia- 
tion time (16 min), relative to the free Azure A photoproduct in aqueous buffer 
(pH = 10.5) solutions. The stoichiometry of the complex, obtained by a Benesi- 
Hildebrand plot, was 1 : 1, and a formation constant of 110 + 40 M - l  was deter- 
mined using the changes of fluorescence intensity upon adding different 3-CD 
concentrations. The formation of this complex presents also an interest from the 
analytical standpoint, since it allows better sensitivity for quantification of Azure 
A. 

Work is in progress in our laboratories to develop an analytical method based on 
complexation of 2-hydroxypropyl-/3-CD and ?-CD with Azure A photoproduct. 
The latter self-assembled species are expected to be more fluorescent than the 
Azure A photoproduct :/3-CD complex. 
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