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a  b  s  t  r  a  c  t

The  cyclodextrins  effects  on  the  serotonin  (5HT)  and  5-hydroxy-3-indolyl  acetic  acid  (5HIA)  fluores-
cence  emission  in  acid  and  alkaline  quenching  conditions  were  analyzed.  From  Stern–Volmer  plots,  the
quenching  constants  (KQ)  were  determined  in  the presence  and  absence  of  �-cyclodextrin  (�CD)  and
hydroxypropyl-�-cyclodextrin  (HP�CD).  In both  media  a decrease  in  the  values  of  KQ was  observed  in
the  presence  of  CDs, as  compared  with  their  absence.  In  acid media,  the  decrease  was:  36–39%  with
�CD  and  48–54%  with  HP�CD  for  5HIA  and  5HT,  respectively.  In basic  media,  with  the neutral  receptors,
these values  are  69–29%  with  �CD and  56–43%  with  HP�CD  for 5HIA  and  5HT,  respectively.  Moreover,  a
complete  quenching  inhibition  produced  by ionized  cyclodextrins  was  determined  for  both  substrates.
The  results  showed  a net protective  effect  due  to the  guest  inclusion  into  the  cyclodextrin  nanocavity.
This  study  is  particularly  important  for  analytical  determinations  in such  media.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Tryptophan is the main amino acid residue which is responsi-
ble for fluorescence in proteins [1]. It has been studied in many
media in order to predict and explain their emission in bio-
logical systems [2] and how the peptide structure affects the
fluorescence emission [3]. This fluorescence comes mainly from
the indole nucleus which is affected by many variables such as
pH [4], solvents [5] and other organic molecules [6]. When tryp-
tophan is metabolized, many indole derivates are synthesized
as hydroxy-indole compounds. Hydroxy-indoles are important
biological compounds as hormones, neurotransmitters or pharma-
ceutical products [7].

Serotonin (5-hydroxytryptamine, 5HT) (Fig. 1a) and 5-hydroxy-
3-indolyl acetic acid (5HIA) (Fig. 1b), are derived from metabolism
of tryptophan. 5HT is a neurotransmitter of the central nervous sys-
tem, which is involved in a large number of physiological processes
[8], and 5HIA is the metabolite of 5HT in urine.

Cyclodextrins (CDs) are cyclic oligosaccharides consisting of six
(�CD), seven (�CD) or eight (�CD) units of �-d-glucose linked by
�-(1,4) bonds. Among the derivatives of native CDs, hydroxypropyl-
�-cyclodextrin (HP�CD) has higher solubility than its homologue
in water and some analytical advantages [9]. These macrocycles
have a nanocavity (internal diameter of �CD is 0.7 nm), which

∗ Corresponding author. Tel.: +54 351 4334170/3; fax: +54 351 4333030.
E-mail address: aveglia@fcq.unc.edu.ar (A.V. Veglia).

allows them to act as hosts, forming inclusion complexes with guest
molecules in the solid state or in solution [10]. The acid–base prop-
erty of CDs (pKa = 12.2) [11], also provides either a neutral or an
anionic receptor depending on the pH of the medium.

5HT and 5HIA have two acidic protons and each one of the three
acid–basic species has a particular fluorescent characteristic. In our
previous work, interactions of CDs with both hydroxy-indoles were
studied at different pHs and on the basis of fluorescence changes the
association constants of the complexes for each substrate species
and their analytical applications were determined [12].

These hydroxy-indoles show fluorescence quenching in basic
(pH > 12) and acid media (pH < 2) like other more simple indoles
(mono acid or without any acidic proton) [13]. Based on the previ-
ous knowledge of indole quenching and their host-guest complex
formation, the goal of this work was to study the effect of �CD and
HP�CD on the fluorescence quenching of 5HT and 5HIA in acidic
and basic aqueous solutions. The results have direct applications in
analytical determinations in these media.

2. Experimental

Water was  obtained using a Millipore apparatus. 5HT and
5HIA (99% purity, Sigma–Aldrich), �CD (Roquette), HP�CD (Cer-
estar, degree of substitution 5.5). The basic and acid solutions
were prepared from concentrated solutions of NaOH (1 M) or HCl
(4 M),  respectively. All constituents of the buffers were commercial
reagents of analytical grade.

1010-6030/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jphotochem.2013.04.001
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Fig. 1. Chemical structures: (a) 5HT and (b) 5HIA.

UV–vis and spectrofluorimetric determinations were carried
out on a Shimadzu UV-2101 PC and a Jasco FP-777, respectively.
The pH was measured using an Orion model 720 pH meter work-
ing at (25.0 ± 0.1) ◦C with a Ross combination pH electrode. The
pH-meter was calibrated using standard buffers (pH = 2.932; 4.955;
6.994 and 9.155) prepared according to literature [14]. An ultra-
sonic bath (Testlab tb02) was used for the dissolution of the
reagents.

A concentrated solution of substrate in water (2 mg/10 mL)
was stored in the refrigerator (4 ◦C) for a maximum of 20 days.
Stability of the stock solutions was periodically checked by spec-
trophotometry before preparing the appropriate dilute solutions
for fluorimetric determinations. Water solutions were prepared
by adding the stock solution of substrate to the reference buffer
solution prepared as indicated above and diluting to the mark
with water. All solutions were protected from light. For emission
and excitation fluorescence measurements the photomultiplier
gain was set to medium (acidic or neutral media) or high (basic
media) and emission and excitation bandwidths were 10 nm.  The
samples were excited at a wavelength equal to the wavelength
of maximum absorption. All the determinations were made at
(25.0 ± 0.1) ◦C, and the temperature of the cell compartment was
controlled with a Haake circulator. The ionic strength (�) of all
solutions was adjusted to 0.124 mol  L−1 by adding NaCl when
required.

For the analysis of the spectrofluorimetric data, the total area
below the fluorescence spectrum (F) (Eq. (1)) and the fluorescence
intensity at a fixed emission wavelength (F�) (Eq. (2)) were consid-
ered. In these equations B is a

F = B
∑

εi�i[i] (1)

F� = B
∑

εi�i�i[i] (2)

constant, which depends on the instrumental set-up, εi is the molar
absorptivity at the �ex, �i is the fluorescence quantum yield, � i is
the fraction of the total emission intensity at a given wavelength
and (i) indicates the concentration of each fluorescent species i. In
all cases the absorbance of the solution was <0.025, where Eqs. (1)
and (2) are valid.

Stern–Volmer plots were used to evaluate the fluorescence
quenching as pH was decreased below 2.00 and as pH was increased
above 12.20. The Stern–Volmer quenching constants of 5HT and
5HIA in the presence and absence of �CD and HP�CD were deter-
mined taking into account the free and the complexed substrate
in the corresponding media. In alkaline solutions, two molar frac-
tions of complexed substrate had been considered, one with the
neutral CD and the other one with the ionized cyclodextrin (CD−)
(�CD pKa = 12.2) acting as receptor. Data analysis was  performed
with Sigma Plot (Scientific Graph system) version 8.00 (Jandel
Scientific).

Fig. 2. Absorbance spectra of 5HIA at different pHs: (a) pH 2.00, (b) pH 7.00 and (c)
pH  13.00 indicated a 300 nm.

3. Results and discussion

3.1. Influence of cyclodextrins on the acid-base equilibrium in the
ground and excited state of hydroxy-indoles

The UV–vis absorbance spectra were measured for 5HT and
5HIA, and the same maximal absorption wavelength was  deter-
mined for both substrates, since the chromophore is the same
for 5HT and 5HIA and the specific substituent at position 3 of the
indole in each case is not conjugated with the aromatic nucleus.
This wavelength is centered at 275.0–278.0 nm at pH between
2.00 and 7.00. At pH 13.00 a second absorption band appeared
at 322.0–323.0 nm caused by the phenol deprotonation of the
aromatic moiety (Fig. 2 for 5HIA is representative). The presence
of cyclodextrin (10 mM)  has a negligible effect on the absorption
spectra.

Based on the change of the absorbance when increasing the
pH, the pKa corresponding to the phenol deprotonation (pKa2) for
both hydroxy-indoles was  determined. Considering the equilib-
rium involved between the mono acid species of the substrate
(SH−1) and the dibasic one (S−2) (Scheme 1) and the additive Lam-
bert Beer law, the acid constant was  obtained fitting the data to
Eq. (3). These values (pKa2) were 11.12 ± 0.01 (at 322.0 nm)  and
11.16 ± 0.03 (at 320.0 nm) for 5HT and 5HIA, respectively. These
similar values for both 5-hydroxyindoles are higher than for 6-
hydroxymelatonin (10.24 ± 0.01) [15] indicating the dependence

S-2 + H+
Ka2

SH-1

Scheme 1. Acid–base equilibrium for the phenol deprotonation for 5HIA or 5HT.
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Table 1
Values of pKa for the free and complexed substrate in the ground and excited state.

S pKa1 pK∗
a1 �pK∗

a1 pKa2 pK∗
a2 �pK∗

a2

5HIA 4.74 ± 0.05 4.20 ± 0.50b 0.54 11.16 ± 0.03 10.72 ± 0.07b 0.44
5HIA�CD  4.63 ± 0.05a 4.20 ± 0.06b 0.43 11.55 ± 0.05a 10.9 ± 0.1b 0.25
5HIAHP�CD  4.76 ± 0.06a 4.2 ± 0.1b 0.54 11.46 ± 0.06a 11.3 ± 0.1b 0.16
5HT  ∼10.1c ∼9.5c ∼0.6c 11.12 ± 0.03 10.26 ± 0.09b 0.86

−log(Ka1 Ka2)d

5HT 21.22
5HT�CD 20.90a

5HTHP�CD 20.75a

a Values obtained from the thermodynamic cycle.
b Values obtained from the Förster cycle.
c Estimated as explained in the text.
d In the presence of CDs it was not possible to estimate the KA between the monoacid species of 5HT and the neutral CD.

of the acidity of the hydroxyl group with the position on the indole
nucleus.

ApH = Aminimum + Amaximal10(pH−pKa)

10(pH−pKa) + 1
(3)

For 5HIA the pKa1 was determined from the fluorescence
decrease (75%) produced from pH 7 to pH 2 employing an equa-
tion similar to Eq. (3) expressed in terms of F. This observation
indicates that the carboxylic acid is much less fluorescent than the
carboxylate species with a pKa1 = 4.74 ± 0.05. In the case of 5HT it
was not feasible to determine accurately the pKa1 for the amine
deprotonation due to the proximity of pKa1 and pKa2 and the con-
tinuous decrease in F with the increase of the pH from 9 to 12.
However, from careful experiments it was possible to estimate
a pKa1 value of ∼10.1. This value correlates with the previously
obtained [13] for 5-methoxytryptamine (pKa1 = 9.9 ± 0.1) [16] and
tryptamine (pKa1 = 9.5 ± 0.2) [17]. All the pKa values are presented
in Table 1.

Moreover, in order to study the effect of cyclodextrins on the
acidity constants of the substrates, the pKa of the complexes in the
ground states (pKa1 for SH2CD and pKa2 for SH−CD) were calcu-
lated from the thermodynamic cycle based on the acid–base and
the inclusion complex equilibriums represented in (Scheme 2). In
this scheme, SH2 is the completely protonated substrate (diacid
species), SH−1 the monoacid (or monobasic) substrate, S−2 the diba-
sic substrate, and KSiCD

A corresponds to the association constant for
the species i of the substrate and CD. From this scheme and the
KSiCD

A determined previously in our laboratory [12], the acid con-
stant values for the complexed substrates with �CD and HP�CD in

Scheme 2. Acid–base and cyclodextrin complexation equilibriums involved for
5HIA and 5HT in the ground state.

the ground state were calculated (KSiCD
a ). Table 1 summarizes the

pKSiCD
a obtained.
For 5HIA, the complex formation with both CDs practically does

not affect the acidity of pKa1 due to the similarity of the KSiCD
A val-

ues for the acid and basic species. Nevertheless, the pKSiCD
a2 values

are higher with both CDs as a consequence of the higher affin-
ity shown by CDs for the SH−1 form of the substrate than for S2−

(KSH−
A /KS−2

A ∼2) [12]. This opposite effect results from the stronger
association constants with a neutral aromatic nucleus than with a
negative charged one, showing that the deprotonation of the car-
boxylic acid is not involved in the complex formation.

For 5HT-CD complexes, we were unable to calculate the pKSiCD
a1

and the pKSiCD
a2 due to our inability to determine the individ-

ual pKSH−1CD
a because of the proximity of pKa1 and pKa2. In this

case from the thermodynamic cycle we estimated the values for
[−log(pKSiCD

a1 pKSiCD
a2 )] showed in Table 1. These values indicate

major acidity for the complexes as result of the stronger affinity
of dibasic form of the substrate (S−2, anionic) than the diacid one
(SH2 cationic) (KS−2

A /KSH2

A ∼2) [12].
The acidic constants in the excited state (pK∗

a ) were determined
from the Förster-cycle [18] (Scheme 3 and Table 1). The front face
of the cube in Scheme 3 represents the equilibriums involved for
the free substrates; meanwhile the back face of this scheme shows
the situation for the complexed substrates. The (�pK∗

a )S−S∗
val-

ues showed a small increase in the acidic constants for the excited

SH
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Scheme 3. Representation of acid–base equilibriums in the ground and excited state
for the free and complexed substrate with cyclodextrins.
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Fig. 3. Stern–Volmer plot for the fluorescence quenching by proton for 5HIA in
presence of �CD (�), HP�CD (�) and only in aqueous media (�).

states of free and complexed substrates (0.2–0.9) as observed for
other indole derivates non-hydroxylated at position 5 [13,19].

Based on these results for both substrates, the pH conditions
were selected in order that the fluorescence changes measured in
the presence or absence of the host were only attributed to one
acid–base fluorescent species.

3.2. Effect of proton and hydroxide ions on the fluorescence
emission of serotonin and 5-hydroxy-3-indolyl acetic acid

It is known that the fluorescence quantum yield of simple indole
compounds is independent of the pH in the range of 3–10 [20].
Dynamic quenching has been observed for these indolic com-
pounds at pH < 3.00 and pH > 11.00 [4].

5HIA (pKa1 = 4.74) was studied at pH values smaller than 2.00
because at higher values the fluorescence of the carboxylate ion
species (minority quantity with greater quantum yield) contributes
significantly to the total fluorescence emission, although the car-
boxylic acid species is the majority (smaller quantum yield).

In alkaline media, the influence of hydroxide on quenching
was studied at pH > 12.20 because below this value two acid–base
species are found in the case of 5HT (pKa = 11.10). For both sub-
strates a decrease of the fluorescence was observed at pH < 2.00
and pH > 12.20 (Figs. 3 and 4). Such decrease was attributed to the
quenching effect produced by the presence of H+ and OH−, respec-
tively, as is reported for other indoles [4].

3.3. Determination of Stern–Volmer quenching constants in acid
media

The plots of (F0/F) versus [H+] in the presence and absence of CD
([H+] = 0.010–0.200 M)  show a linear behavior (Fig. 3).

In the absence of CD, the experimental data were fitted by the
general Eq. (4) taking into account only one fluorescent species (the
free indole), where fi is the fluorescent fraction of the species i
(i: SCD for the complex and S for the free substrate) and Ki

Q the
Stern–Volmer quenching constant for the i species.

F0

F
=

n∑
i=1

{
fi

1 + Ki
Q [Q ]

}−1

(4)

In presence of CD (�CD and HP�CD) two fluorescent species
can be quenched by H+, the free and complexed fluorophore. For
this system, Eq. (4) considers these two species as expressed in Eq.

Fig. 4. Stern–Volmer plot for the fluorescence quenching by hydroxide ions for 5HIA
free  (�) and in presence of HP�CD (�).

(5). From this equation the Stern–Volmer constants (Ki
Q ) for the

complexed substrate were determined.

F0

F
=
{(

fS
1 + KS

Q [Q ]

)
+
(

fSCD

1 + KSCD
Q [Q ]

)}−1

(5)

In all cases, a linear behavior was found. Table 2 displays the
Stern–Volmer quenching constants obtained.

As for other indolic compounds, this effect was attributed to a
collisional quenching by H+ involving a proton transfer reaction in
the excited state on the ring of the indole nucleus at positions 2 or
4 [20].

A decrease of the KSCD
Q value compared to KS

Q can be observed:
from 36 to 39% with �CD and from 48 to 54% with HP�CD for
5HT and 5HIA, respectively. These decreases in the KSCD

Q values
for 5-hydroxy-indoles indicate that the CD nanocavity protects the
excited state of the substrates from the quencher action. The forma-
tion of an inclusion complex produces a restriction for the quencher
accessibility to the substrate, as observed previously for simple
indoles in our laboratory [13]. Comparing the association constants
(KCD

A ) with KSCD
Q , a higher protective effect with HP�CD (KSCD

Q ) cor-

relates with stronger KCD
A for both substrates (KS�CD

A vs KSHP�CD
A :

56 M−1 vs 148 M−1 for 5HIA and 170 M−1 vs 340 M−1 for 5HT) [12].
In addition, comparing different indolic substrates, for example 5-
hydroxy-indoles vs non-substituted at position 5 homologous or
other simple non-protic indoles (for example methylindole and
melatonin), the data also correlate very well since for a higher KCD

A
a minor KSCD

Q is found [13].
Moreover, if the KQ of the hydroxy-indoles are only compared

with the non-substituted at position 5 homologous (3-indolyl
acetic acid, 3IA, K3IA

Q : 34.4 M−1 and tryptamine, T, KT
Q : 33.3 M−1),

the values obtained for the 5-hydroxy-derivatives are ≥5 times

Table 2
Values of Stern–Volmer fluorescence quenching constants by proton for free and
complexed substrates.

Substrate i Ki
Q

(M−1)

5HIAa (2.02 ± 0.06)
5HIA�CDb (1.29 ± 0.07)
5HIAHP�CDb (1.05 ± 0.03)
5HTa (6.0 ± 0.1)
5HT�CDb (3.69 ± 0.05)
5HTHP�CDb (2.77 ± 0.05)

a Values obtained fitting Eq. (4), considering the free substrate only.
b Values obtained fitting Eq. (5), considering the free and complexed substrate.
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Scheme 4. Acid–base equilibrium of the substrate (S) and CD-complex at basic pHs.

smaller; and comparable or lower than with 5-methoxytryptamine,
5MT (K5MT

Q ≈ 10 M−1) [13].

3.4. Determination of Stern–Volmer quenching constants in
alkaline media

The effect of the hydroxide ion (concentration intervals:
0.016–0.100 M)  on the fluorescent emission of 5HT and 5HIA in
the presence and absence of �CD and HP�CD was measured. In
both cases, the free indole fluorescence in the pH range 12.20–13.00
shows a linear decrease. On the other hand, non-linear plots were
obtained in the presence of CDs (Fig. 4).

In order to explain these experimental results in the presence of
CDs, a model taking into account the variation of the molar fractions
of the two CDs species is herein proposed. In the hydroxide concen-
tration interval studied, the ratio between neutral (pKa ∼ 12) [11]
and ionized CD (CD/CD−) changes (Scheme 4).

At pH = 12.20 ([OH−] = 0.016 M),  the fluorescence expression
(F0) is represented with Eq. (6). At pH > 12.20 where the concen-
tration of quencher ([Q]) increases, the fluorescence equation (F) is
shown in Eq. (7).

F0 = cte · (�SXS + �SCD · XSCD + �SCD− XSCD− ) (6)

F = cte · (�Q
S · XQ

S + �Q
SCD · XQ

SCD + �Q
SCD− · XQ

SCD− ) (7)

From the ratio between Eqs. (6) and (7), Eq. (8) is obtained for
the data fitting:

F0

F
=
{[(

�Q
S

�S

)  (
XQ

S
XS

)
fS

]
+
[(

�Q
SCD

�SCD

)  (
XQ

SCD
XSCD

)
fSCD

]
+
[(

�Q
SCD−

�SCD−

) (
XQ

SCD−

XSCD−

)
fSCD−

]}−1

(8)

where (�Q
i

/�i) is the quantum yield of species i (i: S; SCD and SCD−);
Xi = molar fraction of species i; and XQi = molar fraction of species
i in the presence of quencher; fi is the fluorescence fraction of the
species i. Replacing (�Q

i
/�i) in Eq. (8), the equation for the experi-

mental data fitting (Eq. (9)) is finally obtained:

F0

F
=
{[(

1

1 + KS
Q [Q ]

)  (
XQ

S
XS

)
fS

]
+
[(

1

1 + KSCD
Q [Q ]

)  (
XQ

SCD
XSCD

)
fSCD

]
+
[(

�Q
SCD−

�SCD−

) (
XQ

SCD−

XSCD−

)
fSCD−

]}−1

(9)

In order to fit the data of the alkaline quenching plots, differ-
ent situations and an iterative procedure were used. First, at pH
13.00 ([OH−] = 0.01 M),  Eq. (9) has two terms taking into account
two species i: SCD− and S. At this pH (�Q

SCD− /�SCD− ) were estimated.
Second, at pH 12.20, considering all the species i: SCD−; SCD and S

Table 3
Values of Stern–Volmer fluorescence quenching constants by ion hydroxide for free
and complexed substrates.

Species i Ki
Q

(M−1)

5HIAa (22.6 ± 0.5)
5HIA�CDb (7 ± 1)
5HIAHP�CDb (10 ± 1)
5HTa (14 ± 0.2)
5HT�CDb (10 ± 1)
5HTHP�CDb (8 ± 3)

a Values obtained fitting a lineal model, considering the free substrate.
b Values obtained fitting Eq. (9). This equation takes into account the variation of

the  molar fractions of the two CD species with the pH.

and using the value estimated for (�Q
SCD− /�SCD− ) at pH 13.00, KSCD

Q

was determined. From the value of KSCD
Q , the (�Q

SCD− /�SCD− ) value
for each hydroxide concentration was  calculated. At [OH−] > 0.05 M
(pH > 12.6) the values of (�Q

SCD− /�SCD− ) were found to be constant.
This observation indicates that the third term of Eq. 9 is practically
constant and independent of the [OH−] concentrations, so KSCD−

Q

must be null. For this reason, an average of the (�Q
SCD− /�SCD− ) val-

ues was calculated at higher hydroxide concentrations. The average
values of (�Q

SCD− /�SCD− ) are the following: for 5HT, 0.596 with �CD
and 0.553 with HP�CD; for 5HIA, 0.357 with �CD and 0.576 with
HP�CD.

Using the (�Q
SCD− /�SCD− ) average value calculated and KS

Q in Eq.

(9), the experimental data were fitted obtaining the final KSCD
Q .

Table 3 exhibits the KSCD
Q values estimated for both substrates.

The protective effect of the cyclodextrin nanocavity was also
observed for both CDs (higher for HP�CD). Both ionized CDs
(�CD− and HP�CD−) were better protectors than neutral recep-
tors (�SCD− /�S) > (�SCD/�S) of the indole excited state [12]. The
higher effect obtained with ionized cyclodextrin nanocavities indi-
cate that the substrate fraction bonded to CD− is not accessible
to the quencher, producing the downward curvature measured
[13].

The values of KSCD
Q obtained are smaller than those for KS

Q : a
29% and 43% decrease for 5HT, and a 69% and 56% decrease for
5HIA, with �CD and HP�CD respectively. The decrease is pro-
voked by a cyclodextrin protective effect on the fluorescence guest,
due to a decrease in the accessibility of the quencher into the
inclusion complex. At [OH−] > 0.05 M (pH > 12.6), the ionized CD is
the major species and its complex with the substrate has a total
repulsion effect against the hydroxide ion diffusion into the CD
cavity.

These values are similar to those from other indole compounds
studied by time-resolved techniques in the order of picoseconds in
alkaline media. This process is controlled by diffusion with values
of kinetic constants around kQ ∼= 26 × 109 for indole at T = 26 ◦C

[21]. Comparing KQ for 5HT and 5HIA with the non-substituted
at position 5 homologous (T and 3IA), the ratios (KT

Q /K5HT
Q ) = 5

and (K3IA
Q /K5HIA

Q ) = 3 show that the non-substituted compounds are
intrinsically more affected by hydroxide ions. However, in the
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presence of CD the effective quenching protection is similar for each
pair of homologous. The decrease percentage of KSCD

Q compared

with KS
Q is 30% for 5HT-�CD and 40% for T-�CD; 70% for 5HIA-�CD

and 72% for 3IA-�CD; and larger values were measured for HP�CD
complexes.

Cyclodextrin complexes have shown a protective quenching
effect also in acid and alkaline media for aromatic compounds (1-
metoxynaphthalene [22]; 2-naphthol [23] and 2-naphthylamine
[24]) and a kinetic increase on the deprotonation of carbazole
[25].

In both media studied, a CD protective effect was found, and it
is known that in acid media the quenching process is a protonation
at position 2 or 4 of the indole nucleus; meanwhile, the alkaline
quenching is mediated by the deprotonation of the pyrrolic-NH. The
results presented in the present work agree with the mechanism
proposed in literature for acid and basic quenching of indoles and
with the mode of inclusion proposed for 5HIA and 5HT in a previous
report [12].

4. Conclusions

The pKa values in the ground state of hydroxy-indoles com-
plexed with cyclodextrins did not show any substantial change
compared with those of the free substrates, whereas in the excited
state the acidity increased for free and complexed substrates. The
decrease in fluorescence measured is due to collisional quench-
ing by H+ and OH−. Cyclodextrins, �CD and HP�CD, showed a
quenching protective effect in these media. The decrease of KSCD

Q
values indicates that the CD protects the excited state of the sub-
strate to the accessibility of the quencher action by restriction
in the host guest complex. This can be confirmed by compar-
ing the association constants (KA) with KSCD

Q . A higher protective
effect with HP�CD correlates with stronger KA for both sub-
strates.

These results with hydroxy-indoles allow us to conclude that
the quenching protection by CDs and the quenching inhibition by
ionized CDs is a general behavior for indole compounds, since sim-
ilar effects have been previously reported by us for simple indoles.
In conclusion neutral, cationic or anionic indoles, singly or dou-
bly charged, are partial or totally protected by CDs or ionized CDs,
respectively, from the action of quenchers.

This protective quenching effect by cyclodextrins highlights the
importance of supramolecular chemistry applied to fluorescence
quenching protection for future analytical determinations in acid
and basic strong media.

Acknowledgements

This research was  partly supported by Consejo Nacional de
Investigaciones Científicas y Técnicas (CONICET), Argentina, Secre-
taría de Ciencia y Tecnología de la Universidad Nacional de Córdoba
(SECyT-UNC), Ministerio de Ciencia y Tecnología de la Provincia de
Córdoba (Mincyt-CBA) and Agencia Nacional de Promoción Cien-
tífica y Tecnológica (FONCYT). A. G.B. was  a grateful recipient of a
fellowship from CONICET and FONCYT.

References

[1] J.R. Lakowicz, Principles of Fluorescence Spectroscopy, third ed., Springer, NY,
USA, 2006.

[2] A.R. Molla, S.S. Maity, S. Ghosh, D.K. Mandal, Biochimie 91 (2009) 857.
[3] R.W. Alston, M.  Lasagna, G.R. Grimsley, J.M. Scholtz, G.D. Reinhart, C.N. Pace,

Biophysical Journal 94 (2008) 2280.
[4] A. White, Biochemical Journal 71 (1959) 217.
[5] R.W. Cowgill, Biochimica et Biophysica Acta 133 (1967) 6.
[6] M.V. Encinas, E.A. Lissi, A.M. Rufs, Photochemistry and Photobiology 57 (1993)

603.
[7] C.A. Burtis, E.R. Ashwood, Tietz Textbook of Clinical Chemistry, third ed., W.B.

Saunders Company, Philadelphia, 1999.
[8] J. Cooper, F. Bloom, R. Roth, The Biochemical Basis of Neuropharmacology,

seventh ed., Oxford University Press, NY, 1996.
[9] R.P. Frankewich, K.N. Thimmaiah, W.L. Hinze, Analytical Chemistry 63 (1991)

2924.
[10] (a) H. Dodziuk (Ed.), Cyclodextrins and Their Complexes, Wiley-VCH, Weinhein,

2006;
(b)  M.L. Bender, M.  Komiyama, Cyclodextrin Chemistry, Springer-Verlag, Berlin,
Heidelberg, 1978.

[11] R.L. Van Etten, G.A. Clowes, Journal of the American Chemical Society 89 (1967)
3253.

[12] A.G. Bracamonte, A.V. Veglia, Talanta 83 (2011) 1006.
[13] R.E. Galian, A.V. Veglia, Journal of Photochemistry and Photobiology A 187

(2007) 356.
[14] C.R.N. Strauts, J.H. Gilfillan, H.N. Wilson (Eds.), Analytical Chemistry: The Work-

ing Tools, vol. I, Oxford University Press, London, 1958, p. 228.
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