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Complexation and Mechanism of Fluorescence Quenching of Telmisartan with

Y(I11) and Nd(l11)
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The determination of the stoichiometry of complex formation and the mechanism of fluorescence quenching
of telmisartan (TMST) with Y (I11) and Nd(l11) was carried out in great detail by a fluorometric method. The
guenching was interpreted in terms of chelation-enhanced quenching. The experimental results showed that
both Y (I11) and Nd(I11) quench the intrinsic fluorescence of TMST without inducing any conformational
changein it. The quenching of fluorescence was found to be static and due to the formation of a nonfluorescent
complex in the ground state. Linear Stern—Volmer plots were obtained for both complexes. The pH of the
solution was found to have a profound effect on quenching, and effective quenching was obtained at pH 7.
The stoichiometry of metal —TM ST complexes was found to be 1:2 through the Benesi —Hildebrand method.
The quenching constant Kg, and association constant were determined together with their thermodynamic
parameters at (25, 35, and 45) °C. The negative AG values indicate that the complexation process is
spontaneous. A decrease in log K with an increase in temperature and the negative values of AH for the
complexation show that all the complexation reactions are exothermic and the metal —ligand binding process

is enthalpy driven.

I ntroduction

Telmisartan (TMST), 4-[(2-n-propyl-4-methyl-6-(1-methyl-
benzimidazol-2-yl)benzimidazol - 1-yl)methyl] bi phenyl-2-car-
boxylic acid (Figure 1), is a known drug against high blood
pressure (hypertension) which belongs to the group of angio-
tensin |1 receptor antagonists (ARA 11).%2 TMST is highly
selective for angiotensin |1 (AT1) receptors. It inhibits the
angiotensin |1 receptor in a way that the effect of angiotensin
Il is blocked, resulting in a decrease of blood pressure.® The
therapy these drugs offer is a good quality of life for hyper-
tensive patients due to the absence of side effects and its once
daily administration.* The key advantages of the nonpeptide
ARA |l antagonists are related to their specificity of action and
minimization of untoward effects® TMST is found to be
effective in the suppression of murine experimental autoimmune
uveoretinitis (EAU).6 TMST undergoes minimal biotransfor-
mation in the liver to form TMST 1-O-acylglucuronide,” its
major inactive metabolite. The maximum plasma concentration
(Crax) 0ccurs within about 3 h (Tyx) after its oral administration,
giving plasma levels of 50 ug-L~* for a 40 mg dose. Rena
excretion isaminor elimination pathway for TMST; hence, the
dose excreted in urine is small (less than 1 %). The mean
elimination half-life (ty,) is approximately 24 h, in contrast with
the rapid absorption process of the drug. The rest of the parent
compound (more than 98 %) is excreted in feces® TMST has
also been shown to form a double-helical metallocycle upon
reaction with copper. Its catalytic properties toward the oxidative
couple of 2,6-di-tert-butylphenol has also been investigated.®

In recent years, there has been an increased interest in the
study of rare-earth complexes. Owing to the unique properties
of the lanthanide ions, lanthanides have often been effectively
employed as active Ca(ll) and Mg(ll) substitutes in many
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metalloproteins,’® as chirdl NMR shift reagents and MRI
contrast agents,™ and also as luminescent probes of metal
binding in biological systems.*® Rare-earth complexes have also
been found to exhibit anticancer and fungicidal properties. The
biological properties of the rare-earth ions, primarily based on
their similarity to calcium, have been the basis for research into
potential therapeutic applications since the early part of the 20th
century.™*~*7 While these rare-earth elements are being used
in agriculture, medicine, and materias, they can be introduced
into the environment and human bodies. To obtain information
about the long-term effects of rare-earth elements on people,
the complexes of lanthanide ions with amino acids as ligands
have been synthesized and extensively studied by a variety of
methods.*®

The interaction of metal ions with drugs administered for
therapeutic purposes is a subject of considerable interest.’® 22
It is known that some drugs work by chelation™® or by inhibiting
the formation of metalloenzymes.®® Therefore, metal ions might
play avital role during the biological process of drug utilization
in the body. The interaction of rare-earth ions and drugs can
produce special antibacterial or anticancer effects. It is well-
known that the coordination ability of aromatic carboxylic acids
toward rare-earth complexes has received considerable attention
because of the strong coordination ability and varieties of
bridging modes of the carboxylate group with regard to
formation of extended frameworks.>®>~2> TMST in its molecular
structure has a carboxylate group which may provide a suitable
site for rare-earth coordination. However, to the best of our
knowledge, no research has been published concerning the
interaction of rare-earth ions with TMST.

In this project, therefore, we have studied the interaction of
TMST with Y (I11) and Nd(l11) through absorption and fluores-
cence spectroscopy. Fluorescence spectroscopy has been widely
used to monitor the molecular interaction because of its high
sengitivity, reproducibility, and relatively easy use. Such interac-
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Figure 1. Structure of TMST.
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Figure 2. Absorption spectraof (1) TMST (1-107* M), (2) TMST—=Y(lII),

and (3) TMST—Nd(I1I). The concentration of Y (I11) and Nd(IIl) was

1-1073 M.

tions between TMST and these metal ions can cause fluores-
cence quenching. Therefore, valuable information such as the
binding mechanism, association constant, and stoichiometry can
be obtained using a fluorescence quenching study of TMST by
these rare-earth ions. In addition, a thermodynamic study of
the complexation behavior between these rare-earth ions and
TMST was also done. Determination of the thermodynamic
properties of the complexes can not only enrich the thermo-
chemical database, but also help to understand some other
physicochemical aspects of these complexes.

Experimental Section

Apparatus. The fluorescence emission spectra were scanned
with a Hitachi-F-2500FL spectrophotometer. The absorption
spectra were obtained with an Elico-SL-169 double-beam
UV —vis spectrophotometer. All potentiometric measurements
were done with an Elico-L1-120 pH meter.

Materials and Methods. The concentration of the stock
solution of TMST (Sigma-Aldrich), 1-10% M, was prepared
by dissolving it in 0.1 M NaOH and then diluting to a fixed
volume with doubly distilled water. Solutions of Y(IIl) and
Nd(l11) (CDH Pvt. Ltd.), 2.0:10°° M, were prepared by
dissolving Y .03 and Nd,Os (purity 99.99 %) in 1:1 HCl and
evaporating the solution to amost dryness before diluting to
100 mL with water. The working standard solutions were
prepared by making appropriate dilutions with doubly distilled
water. Britton—Robinson (BR) buffer solutions of different pH
values were prepared by mixing a mixed acid (composed of
0.04 M H3PO,4, CH3COOH, and H3BOs3) with 0.2 M NaOH

proportionately. The pH values were measured with a pH meter
and adjusted accordingly. All reagents were of analytical reagent
grade, and doubly distilled water was used throughout.

Appropriate amounts of TMST (1:107° M) and different
amounts of metal chloride solutions were transferred to 10 mL
flasks to give a final concentration between (0.5-10°% and
1.5-10"%) M. After the addition of 1 mL of BR buffer (pH 7.0),
the solution was made up to volume with distilled water. The
steady-state fluorescence spectra of TMST alone and after the
addition of different amounts of Y (I11) and Nd(I11) were recorded
in the Aem = (320 to 550) nm region a A = 300 nm. The
synchronous fluorescence spectrawere scanned at AA = 65 nm
(AL = Zem — Ae). The absorption spectra of TMST (1-10~*
M) alone and in the presence of Y (I11) and Nd(l11) (1-1073 M)
were scanned in the (190 to 350) nm region.

Results and Discussion

Absorption Spectra. The absorption spectrum of TMST
(1:-107* M) shows a strong peak at 230 nm and another one at
295 nm (Figure 2) corresponding to two chromophores. When
Y (111) and Nd(I11) were added to it, the peak at 295 nm moved
to a shorter wavelength with an increase in intensity, although
the position of the peak at 230 nm did not change. The pK,
of TMST (4.45) corresponds to the acid—base equilibrium in
which the carboxylic group isinvolved.? Its deprotonation will,
therefore, occur at pH 7, and TMST will exist as an anion. Its
complexes with trivalent metal ions will mainly be formed by
ion—dipole interaction because any significant absorption band
due to orbital —orbital interaction is not observed. The increase
of absorption bands present in the spectrum of TMST due to
addition of Y (I11) and Nd(I11) clearly indicates that TMST is
complexed by Y (I11) and Nd(I11).

Fluorescence Emission Spectra. TMST contains two fluo-
rophores, biphenyl and benzimidazole,?”2® which exhibit strong
fluorescence in basic media.®® When excited at 300 nm at pH
7, the maximum fluorescence was observed at 365 nm. When
different amounts of Y (I11) and Nd(I1l) were titrated against a
fixed concentration of TMST, its fluorescence intensity de-
creased regularly without any change in Aem (Figure 3), which
indicates that both Y(II1) and Nd(Ill) quench the intrinsic
fluorescence. Fluorescence quenching is the decrease of the
quantum yield of fluorescence from a fluorophore induced by a
variety of molecular interactions, such as excited-state reactions,
photoinduced electron transfer (PET), fluorescence resonance
energy transfer, ground-state complex formation, and collisional
quenching.?® The physical origin of fluorescence quenching
arising from the addition of a quenching agent, Y (I1l) and
Nd(l11), to the TMST fluorescence can be interpreted in terms
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Figure 3. Fluorescence emission spectra (L = 300 nm) of TMST with Y (I11) (A) and Nd(I11) (B) at 25 °C: 1, 110> M TMST; 2 to 9, addition of (0.5,

1, 5, 10, 30, 60, 90,120, and 150) M meta ions.
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Figure 4. Stern—Volmer plot of TMST with Y(I11) and Nd(lI) at (25, 35, and 45) °C.

of chelation-enhanced fluorescence quenching (CHEQ). In
CHEQ the fluorophore itself (TMST) is fluorescent when the
receptor site (carboxylic group) is free. In the presence of metal
ions, the fluorescence intensity is lowered due to chelation of
the metal ion to the receptor unit of the sensor and formation
of anonfluorescent complex, and therefore, the net fluorescence
is quenched. Basically, this quenching process can be divided
into two kinds of mechanisms: static and dynamic quenching.
Static and dynamic quenching can be distinguished by their
different dependences on the temperature and excited-state
lifetime. Dynamic quenching is diffusion controlled because the
guencher must diffuse to the fluorophore during the lifetime of
the excited state. Since high temperature will result in a large
diffusion coefficient, the bimolecular quenching constants are
expected to increase with temperature. If Ky, decreases with
increasing temperature, it may be concluded that the quenching
process is static rather than dynamic.* 32 Static quenching
implies either the existence of a sphere of effective quenching
or the formation of a ground-state nonfluorescent complex,
whereas collisional or dynamic quenching involves the collision
followed by the formation of a transient complex between an
excited-state fluorophore and a ground-state quencher. The
excited-state complex dissociates upon radiative and nonradia-
tive deactivation. Quenching can aso occur via many trivial
processes, such as attenuation of the excitation light by the
fluorophore itself or other absorbing species. Except for trivial
processes, the quenching mechanisms involve very close contact
between the excited state of a fluorescent species and the
guencher and are sometimes referred to as contact quenchers.

The quenching can be mathematically expressed by the
Stern—Volmer equation, which allows the quenching constant
to be calculated:3*3*

F/F =1+ Ky'z[Q = 1+ K,[Q] D

Here F, and F are the fluorescence intensities in the absence
and presence of the quencher, respectively, Kq is the bimolecular
guenching rate constant, 7, is the average lifetime of the
molecule without quencher, [Q] is the concentration of the
guencher, and Ky, is the Stern—Volmer quenching constant. In
the presence of aquencher, Y (111) and Nd(l11), the fluorescence
intensity is reduced from F, to F. The ratio F,/F is directly
proportional to the quencher concentration [Q].
Evidently

sv q lo 2
FJ/F =1+ K,[Ql ©)

According to eq 3, a plot of Fy/F versus [Q] shows a linear
graph with an intercept of 1 and a slope of Kg,.*® Figure 4
displays the Stern—Volmer plots of quenching of TMST by
Y (111) and Nd(I11) ions at three different temperatures [(25, 35,
and 45) °C]. The resulting regression equations for these ions
are summarized in Table 1. The results show that Ky, isinversely
correlated with the temperature, which indicates that the
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Table 1. Stern—Volmer Constants at (25, 35, and 45) °C
Kev
L-mol~? R
metal ion 25°C 35°C 45°C 25°C 35°C 45°C

Y (1) 30251 16551 12994 0.9986 0.9991  0.9979
Nd(I11) 34798 19882 15588 0.9984  0.9985 0.9978

probable quenching mechanism is not initiated by dynamic
quenching but by complex formation.*®

It is also possible to distinguish between these two mecha-
nisms of quenching by simple examination of the absorption
spectra of the system under study. Since collisional quenching
affects only the excited state of the fluorophore, there are
typicaly no changes in the fluorophore absorption spectra,
whereas ground-state complex formation and subsequent static
quenching frequently result in marked changes in the absorption
spectrum. Figure 2 shows that the absorption peak of TMST at
295 nm is blue-shifted with an increase in absorption intensity
upon addition of Y (I11) and Nd(I11), which suggests that the
interaction of TMST with these metal ions is mainly a static
guenching process.

The emission spectra of TMST show that in the presence of
Y (I11) and Nd(l11) the fluorescence is quenched but there is no
shift in the emission position, which indicates that the metal
ions quench the intrinsic fluorescence of TM ST without inducing
any conformational change, and the absence of any new
emission band upon complexation excludes the possibility of
formation of an exciplex. The conformational changes were
further confirmed by synchronous spectra. Figure 5 shows the
synchronous spectra of TMST with Y (I11) and Nd(I11) at AA =
65 nm. The spectra clearly show that the emission wavelength
kept its position in the investigated concentration range.
Therefore, fluorescence quenching due to formation of an
exciplex (excited-state complex) is excluded. The exciplex
formation quenching is a process which competes with emission
for depopulation of the excited state; thus, the fluorescence
decreases in proportion to the yield. Another important quench-
ing process, which has been used to describe quenching
mechanisms, is fluorescence resonance energy transfer
(FRET).*” FRET isthe transfer of the excited-state energy from
the initialy excited TMST, L*, to a complex, ML, which is
typically nonfluorescent. As shown in Figure 6 the L* emission
spectrum did not significantly overlap with the absorption
spectrum of ML; therefore, the possibility of FRET is also
precluded.
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Figure 6. Comparison between absorption and fluorescence emission
spectra.

Figure 7. Effect of the pH on the quenching factor (Fy/F) with Y (I11) and
Nd(lT).

Effect of the pH on Complexation. The experimental results
(Figure 7) indicate that the quenching factor (Fo/F) increases
steadily up to pH 7 and suddenly falls above this pH. These
results can be explained as follows: Y (I11) and Nd(I11) might
coordinate with the carboxyl groups of TMST. Obvioudly, it is
disadvantageous to coordinate TMST with the Y (111) and Nd(I11)
ionsin the acidic environment. Also, Y (I11) and Nd(I11) will be
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Figure 5. Synchronous spectra (A4 = 65 nm) of TMST with Y (111) (A) and Nd(l11) (B) at 25 °C: 1, 1:10 5 M TMST; 2 to 9, addition of (0.5, 1, 5, 10, 30,

60, 90, 120, and 150) M metal ions.
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Figure 8. Double-reciprocal plots of TMST with Y (I11) and Nd(ll) at (25,

precipitated in a strong akaline medium, which will block the
coordination between TMST and the metal ions. Since the
change in pH influences the stability of the fluorescent com-
plexes and results in changes in the fluorescence character,
selection of the pH is important, and pH 7.0 was therefore
selected for further research.

The experiments indicate that the buffers aso have a large
effect on the fluorescence intensity of the system. Some buffers
were tested as follows: CH;COOH—NaOOCCH;, borax—HCI,
NaHPO,—HCI, KH,PO,—NaOH, phthalate—NaOH, and BR. Of
all buffers examined, BR appears to be the most effective and
useful (pH 7).

Stoichiometry and Association Constant. The association
constant of the complexes was determined by the Benesi—
Hildebrand method using fluorescence quenching data.%=° The
Benesi—Hildebrand plots were examined to characterize further
the stoichiometry of the metal —TM STcomplexes.

In the case of a 1:1 complex, the following equation is
applicable:

VUF, — F=1(F, — FOK[M¢], + 1/(F, — F.) (4

In this approach, a graph of 1/(F, — F) versus 1/[Me], was
made. F is the observed fluorescence at each concentration
tested, F, is the fluorescence intensity of the analyte in the
absence of meta ion, F.. is the fluorescence intensity at
saturation, and [Me€], is the concentration of the metal ion. A
linear plot is required for this double-reciproca plot to conclude
1:1 stoichiometry.

In the case where 1:2 stoichiometry is predominant, the
applicable equation is

UF, — F = U(F, — F_KIMe],"* + U(F, — F.)
©®)

For a 1.2 complex, a straight line will be obtained when 1/(F,
— F) is plotted against 1/[Mg],Y2.

The data when fitted according to the Benesi—Hildebrand
plot assuming 1:2 stoichiometry (eq 5) give astraight line, while
a downward concave curvature is obtained when the data are
fitted assuming 1:1 stoichiometry using eq 4. It is therefore
concluded that in all cases the stoichiometry of the formed
complexes between rare-earth ions and TMST is 1:2. Figure 8
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35, and 45) °C.

Table 2. Binding Constants and Regression Coefficients at (25, 35,
and 45) °C

log K R
metal ion 25°C 35°C 45°C 25°C 35°C 45°C
Y(I1) 2.00 1367 0.8751 09983 0.9983 0.9964
Nd(I11) 2301 1699 1.222 09977 0.9986  0.9969

shows the double-reciprocal curve, and Table 2 gives the
corresponding calculated results. The linear correlation coef-
ficients for all the curves are larger than 0.996, indicating that
the interaction between metal ions and TM ST agrees well with
the site-binding model underlying eq 5.

There are two coordinating sites in PUFX, nitrogen and
oxygen. The oxygen atom tends to form a stable complex with
a rare-earth element, due to its strong affinity for Y (I11) and
Nd(I1). On the other hand, the stability of the complex formed
with arare-earth element by a nitrogen atom is relatively poor.
Usually, oxygen atoms in an organic ligand coordinate with the
rare-earth element in two ways. the negatively charged
oxygen forms a stable ionic bond, while neutral oxygen forms
a coordinate bond.*® On the basis of the above discussion, a
structure of the formed complex has been proposed. Since
the estimated pK, value of TMST is about 4.5® the
deprotonation probably occurs at the carboxylic group of
TMST in the solution (pH 7), which strongly supports the
hypothetical structure proposed in Figure 9.

Thermodynamic Parameters and Nature of the Binding
Forces. Considering the dependence of the binding constant
on the temperature, a thermodynamic process was considered
to be responsible for this interaction. The thermodynamic
parameters, enthalpy (AH), entropy (AS), and Gibbs energy
(AG), are the main evidence to determine the binding mode.
For the purpose of clarifying the interaction between TMST
and Y (111) and Nd(l11), we carried out binding studies at three
different temperatures: (25, 35, and 45) °C. AG can be estimated
from the following equation, based on the binding constant at
different temperatures:

AG = —2.303RT log K (6)

where R is the gas constant, T is the temperature, and K is the
binding constant. From the value of the stability constant at
different temperatures the enthalpy can be calculated by using
eq 7. If the enthalpy (AH) does not vary significantly over the
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Figure 9. Proposed structure of the TMST complex (M = Y (I11), Nd(l11)).

Table 3. Thermodynamic Parameters at (25, 35, and 45) °C

AG
kJ-mol* AH AS
metal ion  25°C 35°C 45°C  kJmol™* J-mol t-K™t
Y(IT) —11.411 —8.067 —5.328 —102.157 —304.841
Nd(I11) —13.129 -10.019 -—7.439 —97.995 —285.062

studied temperature range, then it can be regarded as a constant,
and its value can be obtained from the van't Hoff equation.

log K = —AH/2.303RT + AS2.303R @

The enthalpy (AH) for the complexation process was evaluated
from the slope of the plot of log K vs UT using the graphical
representation of van't Hoff’s equation, and the entropy (AS)
could then be calculated using egs 8 and 9.

AG = AH — TAS (8)
AS= (AH — AG)/T 9)

The calculated thermodynamic parameters for the complex-
ation of TMST=Y(Ill) and TMST—Nd(II1) are included in
Table 3. It is observed from the tables that all the values of the
thermodynamic parameters are negative. The negative AG
values indicate that the complexation process is spontaneous.
A decrease in log K with an increase in temperature and the
negative values of AH for the complexation show that all the
complexation reactions are exothermic and the metal —ligand
binding processis enthalpy driven. However, the ASvaues are
all negative, and the complexation has an unfavorable change
of entropy. The low numerical values of the stability constant
suggest that the metal complexes are soluble in water and can
readily dissociate into the metal ionic form. Generaly,

metal —ligand complexes with stability constants of 3 and lower
are substantially (over ~5 %) ionized at the physiological pH
of 7.4.

Conclusions

We have investigated the interaction of TMST with Y(I11)
and Nd(I11) by spectroscopic methods, including fluorescence
guenching spectra and UV —vis absorption spectra. The experi-
mental results indicate that the intrinsic fluorescence of TMST
is quenched through a static quenching mechanism. A 1.2
(metal:drug) complex is formed. The stoichiometry and as-
sociation constants log K were evaluated according to the
Benesi—Hildebrand method. The negative values of the ther-
modynamic parameters (AG, AH, and AS) indicate that the
complexation process is spontaneous, exothermic, and entropi-
cally unfavorable.
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