
A

s
a
o
e
©

K

1

w
fi
i
a
f
a
r

b
s

w
i
m
h

i

1
d

Journal of Photochemistry and Photobiology A: Chemistry 188 (2007) 5–11

Effect of the structure and concentration of cyclodextrins
in the quenching process of naproxen
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bstract

The effect of the formation of the naproxen:cyclodextrin inclusion complex on the quenching of the drug by iodide has been studied. The results
how that �-cyclodextrin (�-CD), �-cyclodextrin (�-CD), and hydroxypropyl-�-cyclodextrin (HP-�-CD) provide good protection for the drug

gainst iodide quenching. The trend of protection is �-CD > HP-�-CD ≈ �-CD > H2O, in contrast to the binding constant values and the structure
f these complexes. The effect of these cyclodextrins on the quenching process is discussed on the basis of the parameters obtained by fitting the
xperimental data to the modified Stern–Volmer, and finite-sink approximation models.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Over the past two decades fluorescence quenching has been
idely studied because it is of considerable interest in the
eld of physical chemistry as well as in those of biochem-

stry and biophysics. Quenching is used in protein, membrane,
nd nucleic acid research. A new area of sensing technology
or medical and industrial applications based on fluorescence
nd luminescence quenching is currently expanding at a huge
ate.

The fluorescence quenching of organic molecules in solution
y several quenchers has been studied in depth, using steady-
tate and transient methods [1–9].

Several models have been developed to fit quenching data
ith a view to understand the mechanisms involved, although

t is not yet known what the best model is. Even the physical
eaning of any quenching parameter included in these models
as been questioned recently [5].
The effect of cyclodextrin complex formation on the quench-

ng process of several compounds has also been studied

∗ Corresponding author. Tel.: +34 23 294523; fax: +34 923 294515.
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5,8,10–15]. Nevertheless, there is no clear evidence that can
ccount for how cyclodextrin modifies the quenching process of
he fluorophore.

In light of the above, here we were prompted to study
he effect of the complexation of the anti-inflammatory drug
aproxen with different cyclodextrins on the quenching by
odide.

The cyclodextrins studied were �-cyclodextrin (�-CD),
-cyclodextrin (�-CD) and hydroxypropyl-�-cyclodextrin (HP-
-CD). These cyclodextrins were chosen because they complex

he drug in different ways and with different affinities [16–22].
n the case of �-CD, the drug is included through the methoxy
roup, the naphthalene ring remaining protruding into the aque-
us media. In the cases of both �-CDs, the naphthalene ring is
ncluded inside the cyclodextrin cavity. The difference between
hese two cyclodextrins is that in the natural �-CD the car-
oxylic group of the naproxen is in contact with the aqueous
edia, whereas in the naproxen:HP-�-CD complex the car-

oxylic group of the drug is inside the hydroxypropyl groups
f the cyclodextrin [17].
Therefore, these inclusion complexes provide different envi-
onments for the drug that must undoubtedly elicit different
nteractions with the molecules dissolved in the aqueous

edia.

mailto:MVALERO@USAL.ES
dx.doi.org/10.1016/j.jphotochem.2006.11.011
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the �-CD system there was an important percentage of free drug,
which would be quenched. In addition, the cavity size of this
cyclodextrin is too small to include the whole of the naphthalene
ring. Accordingly, in the naproxen:�-CD complex the drug must
M. Valero et al. / Journal of Photochemistry

In addition, we studied the effect of the cyclodextrin concen-
ration, independently of the complexing process, on the drug
uenching.

The final objective of the present work was to determine the
actors that play an important role in the quenching process.
or this purpose, we undertook a steady-state and time-resolved
uorescence quenching study of naproxen complexed with �-,
-, and HP-�-CD in the presence of different concentrations
f �- and HP-�-CD. The data were analyzed using mod-
fied Stern–Volmer and finite-sink approximation quenching

odels.

. Material and methods

.1. Materials

Naproxen, 2-(6-methoxy-�-methyl-2-naphthyl) propionic
cid, sodium salt, was purchased from Sigma Chemical Co.
-CD, �-CD, and HP-�-CD, containing an average molar sub-
titution of 0.8 hydroxypropyl groups per glucopyranose unit,
as obtained from Sigma. Potassium iodide, for analysis, was
urchased from Merck (Scheme 1).

These reagents were considered to be sufficiently well-
haracterized by the manufacturer for use without further
urification. Water was treated with a Milli-Q system from Mil-
ipore.

.2. Methods

The naproxen concentration was held constant at 4.0 ×
0−5 M. The KI concentration was varied between 0 and 0.15 M.

All measurements were carried out at 25.0 ◦C and at least
4 h after sample preparation to ensure that equilibrium had been
eached.

The cyclodextrin concentration was chosen in order to ensure
hat most of the drug would be complexed. On this basis, the
oncentration of each cyclodextrin was: 12 × 10−3 M for �-CD
nd HP-�-CD; and 100 × 10−3 M for �-CD.

.3. Spectroscopy

UV–vis absorption spectra were recorded on a Hitachi
V–vis spectrophotometer, model 150-20. Steady-state fluo-

escence emission spectra were recorded on a Perkin–Elmer

S 50B spectrofluorimeter. The instrumental response at each
avelength was corrected by means of a curve provided
y the apparatus. Emission spectra were obtained in the
em = 325–450 nm range, with excitation at λexc = 317.0 nm. The

Scheme 1. (S)-6-methoxy-�-methyl)-2-naphthaleneacetic acid, sodium salt.
F
t

hotobiology A: Chemistry 188 (2007) 5–11

pectral slits used were 0 and 0 nm (this value corresponds to
he minimum possible width, which remains constant for a given
nstrument and is lower than 2.5 nm). The fluorescence data were
aken at the maximum emission wavelength, λem = 355 nm.

The fluorescence lifetimes of the excited state of naproxen
ere measured with a FL920 fluorescence lifetime spectrometer

rom Edinburgh Instruments using the time-correlated single-
hoton counting technique at 298 K. Fluorescence decays were
btained up to 104 counts in the peak and were analyzed by
n iterative deconvolution procedure based on the Marquardt
lgorithm [23]. The goodness of the fit was measured by the
agnitudeχ2

(
χ2 = ∑

(Fi − fi)2), where Fi is the value of the
th data point and fi is the value obtained from the fit) and the
hape of functions of the weighted residuals.

Samples were excited at 317 nm, using a nanosecond flash
amp filled with hydrogen. Emission was monitored at 372 nm.

scatter solution of aqueous Ludox (colloidal silica) was used
o collect the lamp response function needed for recovery of the
ecay parameters.

. Results and discussion

.1. Steady-state and time-resolved study

The presence of iodide induces a decrease in the fluorescence
ntensity of naproxen, but did not result in any spectral shift at
he quencher concentrations used.

The results were initially represented as Stern–Volmer plots
Fig. 1). In the solutions of naproxen with and without any CD
he plot showed slight positive deviations. The phenomenon has
een observed many times for fluorescence quenching by KI and
ther quenchers [2,5–12].

The percentage of complexed drug at the CD concentrations
sed are: 60, for �-, and 93% for �- and HP-�-CD, and hence in
ig. 1. Experimental quenching data (solid points) and fitting of these data to
he modified Stern–Volmer, Eq. (4).
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ave the naphthalene ring protruding into the water. Under these
onditions, drug quenching should be smaller than in water but
reater than in the presence of both �-CDs, although it provided
etter protection for naproxen.

In order to gain further insight into the quenching process, the
uorescence decay curves of naproxen, free and complexed with

hese cyclodextrins, in the absence and the presence of 0.1 M of
I were measured. The data in Table 1 show that in the presence
f the quencher the decays were bi-exponential, therefore in this
ase the average lifetime of naproxen was determined with the
ollowing equation:

τF〉 =
∑

i

Aiτi (1)

The bimolecular collisional quenching constant can be cal-
ulated from these data by using the expression:

q = (1/τq − 1/τ0)/[Q] (2)

here kq is the bimolecular quenching rate constant, τ0 is the
ifetime of naproxen in the absence of the quencher, τq is the
ifetime of naproxen in the presence of the quencher that in our
ase corresponds to τF, kq is related to KSV by means of:

sv = k∗
qτ0 (3)

he values of KSV obtained are shown in Table 1.
As can be seen, the lifetime and the KSV of naproxen in the dif-

erent media reveal that all the CDs afforded to the fluorophore
ood protection against collisional quenching by iodide. The
rend in the collisional rate constant is �-CD ≈ HP-�-CD < �-
D « H2O. It may be observed that the protection provided by
-CD remains being the highest. However, in this case, the
ehaviour of both �-CDs is clearly different.

The KSV values for both drug:�-CD complexes may be inter-
reted on the basis of a physical protection of the drug against
he collisional contact with the quencher, due to the inclusion
f the fluorophore inside the CD. Moreover, the presence of
he hydroxypropyl groups provides further protection to the

aproxen. But, in the complex with �-CD, the naproxen is par-
ially recovered by the cyclodextrin, the naphthlene ring being
xposed to the aqueous media and therefore to the quencher, but
t presents the lowest collisional rate constant.

i
v

1

able 1
teady-state and time-resolved data for naproxen free and complexed with �-, �- an
onstant determined from time-resolved fluorescence data, respectively. V is the static
tern–Volmer equation. τF, is the calculated average lifetime of the drug in the presen

ystem [KI] (M) τ1 (ns) A1 τ2 (ns)

2O 0 9.28 1
0.1 2.52 0.9542 6.80

-CD 0 11.0 1
0.1 9.44 0.6106 4.63

-CD 0 10.6 1
0.1 5.93 0.909 2.37

P-�-CD 0 10.5 1
0.1 8.12 0.8224 3.66
hotobiology A: Chemistry 188 (2007) 5–11 7

Thus, �-CD and both �-CDs must act in different ways to
rotect naproxen against collisional quenching.

.2. Static quenching study

Static quenching may be discussed using the ground-state
omplex [24,29] or the sphere of action static quenching models
30–32].

Ground-state complex formation was not detected in the
bsorption spectrum and hence, its formation is not clear.

In this situation, in most cases nonlinear quenching curves are
nalyzed using the Stern–Volmer modified equation to include
tatic quenching [24–27,30,33–36].

0/F e(V [Q]) = 1 + K[Q] (4)

here F0 and F are the fluorescence intensities in the absence
nd presence of a quencher, respectively, and [Q] is the quencher
oncentration. V and K are the static and collisional quenching
onstant, respectively.

V, as a floating parameter, was determined by a nonlinear
egression method, using the S–V quenching constant values
btained from the time-resolved data K of the Table 1. A good
t to the experimental data with Eq. (4) was obtained for all
ystems (Fig. 1), resulting in the V, included in Table 1.

The V value obtained in the presence of �-CD is in good
greement with data previously published for naproxen com-
lexed with �-CD and methylated-�-CD quenched by iodide
nd acrylamide [5].

The most general interpretation of V is that it represents
n active volume element surrounding the excited fluorophore.
pon exciting the chromophore, a quencher molecule that is

lready present within the volume will be able to quench the
uorescence instantaneously. The probability of the quencher
eing in this volume at the time of excitation depends on the
olume (V) and on the quencher concentration.

So, considering that the analytical quencher concentration
as the same in all systems studied, the observed variations in
, must be related to different strength of quencher:naproxen
nteraction, or to a different concentration of the quencher in the
icinity of the drug as compared to that of the bulk solution.

Iodide, binds with �-, and �-CD with a binding constant of
2.4 and 18.0 M−1, respectively [37], therefore at the concentra-

d HP-�-CD in the absence and presence of 0.1 M KI. (KSV is the collisional
quenching constant obtained from the fitting of steady-sate data to the modified
ce of 0.1 M KI)

A2 τF (ns) KSV (M−1) V (M−1)

24.1 4.35
0.0458 2.72

4.52 2.77
0.3894 7.57

8.84 2.66
0.091 5.60

4.32 5.52
0.1776 7.33
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ions used in this work, the free iodide able to quench the drug is
8 and 93% of the analytical iodide concentration, respectively.

So, considering that in the presence of �-CD, V is decreased
y 42% from the value in water, while [I−] diminishes a 7%
y complexation with the cyclodextrin, it is possible to infer
hat the naproxen:�-CD inclusion complex formation indeed
rotects the drug against the static quenching.

In the �-CD system, V is 64% lower than for the free
aproxen, although the free iodide is 42% of the analyti-
al concentration, pointing that �-CD complex formation also
ecreases the static quenching.

At last, in the case of the HP-�-CD complex, the V value
s the same order of magnitude than for the free drug. No data
bout the binding of iodide and this cyclodextrin was found in
he literature. Therefore, the static quenching may be increased
r not as respect to the water, depending whether the iodide is
r is not bound to the cyclodextrin.

So, after considering the effect of the iodide complexation
ith the cyclodextrins on the free concentration, it is confirmed

hat the static quenching constant value changes with a trend:
P-�-CD > H2O > �-CD ≈ �-CD.
These changes show that in the complexes, the drug interacts

ith the quencher with different strength, or the quencher con-
entration in the vicinity of the complexed drug is different of
hat of the bulk solution.

.3. Effect of the cyclodextrin concentration

Taking into account the iodide complex formation with the
Ds, it is necessary to know the role of the CD concentration on

he quenching process to rationalizate the parameters obtained.
o, the same steady-state, time-resolved and static quenching
tudy of the drug by iodide in the presence of 12, 40 and 100 mM
f �-CD and HP-�-CD was carried out.

These two cyclodextrins were chosen because of their solu-
ilities. Besides, in the case of �-CD, the amount of complexed

rug increased with the CD concentration; while, at a 12 mM
oncentration of HP-�-CD most of the drug was included inside
he CD cavity. Thus, the increase in the cyclodextrin concen-
ration does not increase the amount of complexed drug. These

c
c
e
b

able 2
tern–Volmer constant for the quenching of naproxen, free and in the presence of diff

ime-resolved (KSV). (Fluorescence lifetime of the drug in the absence τ0 and the pre

α-CD] (mM) τ0 (ns) τ1 (ns) A1 τ2 (ns

0 9.28 6.8 0.0458 2.52
12 9.49 7.01 0.2382 2.49
40 10.1 7.81 0.4847 2.92
70 10.4 8.32 0.5828 3.23
00 11.0 9.45 0.6106 4.63

[HP�CD] (mM) τ0 (ns) τ1 (ns) A1 τ2 (ns)

0 9.28 6.8 0.0458 2.52
12 10.5 8.12 0.8224 3.38
40 10.9 7.66 0.8989 4.30
70 10.8 8.22 0.8845 4.30
00 10.8 8.51 0.8731 4.70
hotobiology A: Chemistry 188 (2007) 5–11

wo systems allow us to study the effect of complexation, and
he concentration of CD in the quenching parameters.

At all CD concentrations studied, for both CDs the change
n the fluorescence intensity with the iodide concentration was
nitially measured. The lifetime of naproxen at different �-
D and HP-�-CD concentrations was also measured in the
bsence and the presence of 0.1 M of KI and from these data the
SV values were determined. All the time-resolved fluorescence
ata and the parameters obtained from them are included in
able 2.

As can be observed, in the absence of iodide in the system
ontaining HP-�-CD, τ0 remained constant as the cyclodex-
rin concentration increased, in good agreement with the fact
hat at the lowest CD concentration most of the drug was
omplexed. By contrast, the τ0 of naproxen increased with
he �-CD concentration, showing that complexing was taking
lace.

In addition, the average fluorescence lifetime in the presence
f the iodide and the S–V constant (KSV) of the drug complexed
ith HP-�-CD remained unmodified with the cyclodextrin con-

entration. Accordingly, it may be concluded that the physical
resence of the cyclodextrin has no effect on the S–V constant
alue.

Despite the above, KSV decreased and the naproxen lifetime
ncreased with the �-CD concentration in the absence and in the
resence of 0.1 M of iodide.

So taking altogether the results obtained for HP-�-CD and
-CD, it is possible to conclude that indeed the inclusion com-
lex with �-CD affords protection to the drug against collisional
uenching by iodide, and it is not an effect of the cyclodextrin
oncentration.

The fitting of the steady-state data for the different �-CD
nd HP-�-CD to the modified Stern–Volmer equation gives the

values included in Table 2. It can be observed that in both
ases V decreases with the cyclodextrin concentration. Since in
he case of HP-�-CD, KSV did not change with the cyclodextrin

oncentration above that of the complexation, it can be con-
luded that the decrease in V must be due to the lowering in the
ffective quencher concentration. So, the data shows that iodide
inds with HP-�-CD. If we consider the change in the V value

erent �-CD and HP-�-CD concentrations, by 0.1 M of iodide, determined from
sence τ1 and τ2 of 0.1 M KI and different amounts of cyclodextrins)

) A2 τF (ns) KSV (M−1) V (M−1)

0.9542 2.72 24.1 4.35
0.7618 3.56 10.6 7.47
0.5153 5.29 5.70 6.69
0.4172 6.19 4.37 4.32
0.3894 7.57 3.24 3.88

A2 τF (ns) KSV (M−1) V (M−1)

0.9542 2.72 24.1 4.35
0.1716 7.33 4.32 5.52
0.1011 7.23 5.04 4.15
0.1155 7.76 3.91 1.92
0.1269 8.02 3.45 1.55
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s indicative of the extension of the binding, it is possible to
bserve that V decreases linearly with �-CD and HP-�-CD con-
entration the slope being 0.026 and 0.045, respectively. So in
he less favourable situation the binding constant value of the
odide to HP-�-CD is the same order of magnitude than the �-
D, confirming that the static quenching increases when drug

s complexed with the HP-�-CD.

.4. Finite-sink approximation model

In order to obtain further information about the quench-
ng process, the steady-state data were fitted to the finite-sink
pproximation model.

According to this model [38–41], the following modified S–V
elationship is obtained:

−1
SV = (K0

SV)
−1 − [(2πN)1/3/4πNDτ0][Q]1/3 (5)

here,

0
SV = 4πNDRτ0Ka/(4πNDR + Ka) = 4πNDR′τ0 (6)

ith:

′ = R(1 + 4πNDR/Ka)−1 (7)

here N, is Avogadro’s number, D is the sum of the diffusion
oefficients (mutual diffusion coefficient) of the reactants, and
is the distance at which the reaction proceeds, with intrinsic

ate constant, Ka.
As can be observed, Fig. 2, a linear dependence of K−1

SV on the
ne-third power of the quencher concentration within the error
imits is confirmed. Thus, the values of D and R′ can be obtained
rom the slope and the intercept of the plot, respectively, and are
hown in Table 3. The mutual diffusion coefficients, for both the
ree drug and that complexed with �-CD, are lower than those

reviously reported [5].

But if we compare, the diffusion coefficient of the naproxen
n the different systems, it can be observed that in the complexed
orms it is lower than that of the free drug. Also the trend of the

ig. 2. Fitting of the experimental data (solid points) to the finite-sink approxi-
ation model, Eq. (5).
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iffusion coefficient in the complexes is in good agreement with
he increase in their size. So, the low value of the diffusion of
he naproxen:�-CD complex is consistent with the partial inclu-
ion of the drug in the cyclodextrin, while there is no difference
etween the diffusion of the drug complexed with both �-CDs.
ence, the method is good to determinate this parameters as
ointed out previously by other authors [4].

The lowest value of the diffusion of the naproxen:�-CD
omplex allows to justify the strong decrease in the collisional
ate constant observed when the drug is complexed with this
yclodextrin. In addition, the decrease in the diffusion coeffi-
ient must also contribute to the decrease in the collisional rate
onstant value of the in both �-CDs complexes, provided that
uenching process is diffusion-controlled. But this parameter
oes not explain the different behaviour observed for both �-CD.

From these data, and if one assumes the “reactive distance”,
, as being equal to the contact separation Rc, then Ka may be

ecovered from Eq. (7).
The encounter distance (Rc) is the sum of the radii of the

uorophore (RY) and the quencher molecule (RQ). The radii
f the fluorophore (RY) and the quencher molecule (RQ) had
een previously reported as 3.85 and 2.8 A, respectively [5].
he corresponding values for the naproxen:�-CD, naproxen:�-
D and naproxen:HP-�-CD complexes were calculated using
dward’s theory [42] and were 7.03, 7.02 and, 8.014 A. From

hese data, the encounter distances Rc were obtained and used
o determine the Ka values, both included in Table 3.

As can be observed, Ka decreased considerably when the drug
as complexed with the cyclodextrins, in good agreement with

he protection provided by the cyclodextrin to the quenching of
he drug.

The low Ka in the complex naproxen:�-CD, shows clearly
hat this cyclodextrin decrease in an important way the effi-
iency of the quenching process, what besides the low diffusion
oefficient explain the low collisional rate constant value.

For both �-CDs complexes, Ka are different, it was higher
hen drug is complexed with �-CD than in the HP-�-CD com-
lex.

The lower Ka value for the complexed drug than for the free
ne, pointed out that the differences observed in the V value are
ot due only to a different ability in the drug:quencher interac-
ion. Since, if at a distance, Rc, the interaction rate constant is

a, it can be expected that its value decreases with the distance,
hen as Ka decreases V must also decrease except if the effective
oncentration is different.

So, the Ka value for naproxen complexed with �-CD is in
ood agreement with a decrease in the V value. By contrast,
aken together the Ka and V values for �-CD and HP-�-CD
omplex, it is possible to infer that, in these cases, the quencher
oncentration around the fluorophore must be higher than in the
ulk solvent. This fact, seems to indicate the possibility of a
ernary complex formation drug:cyclodextrin:quencher.

According to Andre et al. [25] and Zeng and Durocher [4], if

r”, determined from the sphere of action model, is higher than
he encounter distances (Rc) the static effect will take place, irre-
pective of the formation of the ground-state complex, provided
hat the reactions are limited by diffusion.
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Table 3
Diffusion coefficient and energy of activation rate constant obtained by the finite-sink approximation and diffusion rate constant of these systems

System D × 108 (dm2/s) R′ × 109 (dm) Rc (A) Ka × 10−9 (dm3/s mol) r (A) Kd × 10−9 (dm3/s mol)

H2O 6.58 6.38 6.65 78.2 12.0 3.30
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-CD 0.65 7.79 9.83
-CD 2.59 6.42 9.82
P-�-CD 2.87 4.66 10.81

Therefore, from the V value, the radius, “r”, of the sphere of
ction for the naproxen-iodide in these systems was determined,
onsidering that V/N = 4πr3/3, where N is Avogadro’s number.
he results are shown in Table 3. r > Rc, in water and in the
P-�-CD, whereas in the complexes of �- and �-CD, r ≈ Rc.
The diffusion rate constants of the drug-iodide couple when

he drug was present in the different systems were determined
rom the following expression:

d = 4πNDRc (8)

Upon comparing Kd, Table 3, with Ka, it may be seen
hat the quenching process, was diffusion-controlled for the
ree drug and when it is complexed with �-CD and �-CD,
owever, for naproxen:HP-�-CD the quenching was diffusion-
nfluenced. Therefore, in water as r > Rc and diffusion-controlled
he static effect takes place regardless of ground-state com-
lex formation. But in the case of HP-�-CD the process is
ot diffusion-controlled so the static quenching does not take
lace independently of ground-state complex formation. So, this
act reinforces the idea of a ground-state naproxen:HP-�-CD:I−
nclusion complex.

. Conclusions

The formation of naproxen:cyclodextrin complexes protect
he drug against the quenching due to iodide; the trend of pro-
ection being: �-CD > HP-�-CD ≈ �-CD.

Cyclodextrins produce their protective effects in different
ays. �-CD decreases the collisional rate constant by means
f a decrease in the diffusion of the complexed drug and the
ecrease in the Ka value. In addition a decrease in the static
uenching constant observed may be due to a lower drug-
uencher interaction capacity, in the �-CD complex than in
ater.
�-CD and HP-�-CD provide the drug physical protection

gainst quencher collision, the latter (HP-�-CD) being more
ffective in this protection due to the presence of hydroxypropyl
roups. The formation of complexes with both cyclodextrins also
ecreases the drug-quencher interaction. In the case of the �-CD,
decrease in the static quenching rate constant is observed in

omparison with the value in water. This seems to be due to the
ecrease in the drug-quencher interaction, as observed for the �-
D. However, in the case of HP-�-CD, V increases but Ka does

ot. This fact, points out that the increase in the static quenching
s due to the existence of a higher local quencher concentration
round the complexed fluorophore than in the bulk solution. In
ddition r > Rc but the reaction is not diffusion-controlled. All

[
[

[
[

1.86 10.3 0.49
3.63 10.2 1.92
1.78 13.0 2.35

he data suggests a ternary complex naproxen:HP-�-CD-iodide
ormation.
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