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bstract

Interaction between azelnidipine and bovine serum albumin (BSA) was investigated by fluorescence spectroscopy and circular dichroism (CD).
zelnidipine effectively quenched the intrinsic fluorescence of BSA via a combination of static and dynamic quenching, forming azelnidipine–BSA

omplex with binding constant (Ka) of the order of 105. The thermodynamic parameters obtained from van’t Hoff equation revealed that both
H◦ and �S◦ were negative, that is, −49.77 kJ mol−1 and −64.47 J mol−1 K−1, respectively, suggesting that the binding is mainly driven by the
nthalpy and hydrogen bonding plays major role in stabilizing azelnidipine–BSA complex. The binding of azelnidipine to BSA leads to changes
n the conformation of BSA according to synchronous fluorescence spectra and CD data. The presence of metal ion decreases the binding constant
f azelnidipine–BSA complex.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Azelnidipine, (±)-(3)-(1-diphenylmethylazetidin-3-yl)-5-
sopropyl-2-amino-1,4-dihydro-6-methyl-4-(3-nitrophenyl)-
,5-pyridinedicarboxylate, a 1,4-dihydropyridine derivative as
hown in Fig. 1, is a newly developed long-acting calcium
hannel blocker with unique pharmacological features, e.g.
ardiac slowing action and high affinity to vascular tissues,
hich distinguishes itself from other calcium channel blockers

Reed et al., 2001; Kuramoto et al., 2003; Ding et al., 2007).
zelnidipine, thus, became a new generation of calcium chan-
el blocker that can be used for the treatment of hypertensive
atients with or without potential ischemic heart diseases. So
ar, most researches were focusing on its mechanisms as a
alcium channel blocker (Kawabata and Urasaki, 2006; Naito et
l., 2006), little has been done on the interaction of azelnidipine
ith serum albumin.

Drug–albumin interactions are important since most of the

dministered drugs are extensively and reversibly bound to
erum albumin and drug is transported mainly as a complex with
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rotein. The nature and magnitude of drug–albumin interaction
ignificantly influences the pharmacokinetics of the drug (Tian
t al., 2005) and the binding parameters are useful in studying
rotein–drug binding as they greatly influence absorption, dis-
ribution, metabolism, and excretion properties of typical drugs
Zsila et al., 2003).

Our study focused on the azelnidipine–albumin interaction at
he molecular level with the purpose to provide basic informa-
ion for optimizing the biological utilization and pharmaceutical
pplications of azelnidipine. Bovine serum albumin (BSA) was
elected because of its medically important, low cost, ready
vailability, unusual ligand-binding properties (Flarakos et al.,
005). Bovine and human albumin tertiary structures are simi-
ar in 76% and the results of all the studies are consistent with
he fact that human and bovine serum albumin is homologous
rotein (Carter et al., 1994; Olson and Christ, 1996; Dockal et
l., 2000).

Application of the spectral methods can reveal the reactivity
f chemical and biological systems in low concentration under
hysiological conditions. There have been several studies on

uorescence quenching of albumin by drugs or other bioac-

ive small molecules (Caballero-Quintero et al., 2001; Diaz et
l., 2003; Cui et al., 2006). In this paper, the quenching of the
ntrinsic tryptophan fluorescence of BSA has been used as a

mailto:lingye@ccmu.edu.cn
dx.doi.org/10.1016/j.ijpharm.2007.09.016
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where F and F0 are the fluorescence intensity with and with-
out the quencher (azelnidipine), respectively. Ksv and [Q] are
dynamic quenching constant and the concentration of quencher.
The fluorescence quenching curve of BSA was plotted in Fig. 3.
Fig. 1. Structure of azelnidipine.

ool to study the interaction of azelnidipine with this trans-
ort protein as well as the impacts of common metal ions on
zelnidipine–BSA interaction. Additionally, effect of azelnidip-
ne on conformational changes of BSA was investigated by
ynchronous fluorescence spectroscopy and circular dichroism
CD).

. Materials and methods

.1. Chemicals

Essentially fatty-acid-free bovine serum albumin (BSA,
99%, lyophilized power) was purchased from Sigma (USA).
zelnidipine was obtained from Garlin Pharmaceutical Co.

Beijing, China). All other chemicals were of analytical grade
nd used as received.

.2. Apparatus

Fluorescence emission spectra and synchronous spectra were
ollected on a RF-5301PC spectrofluorophotometer (Shimadzu,
apan) equipped with a SB-11 water bath (Eyela) and 1.0 cm
uartz cells. The absorption spectrum was recorded on a UV-
250 UV–vis spectrophotometer (Shimadzu, Japan). Circular
ichroism spectra were measured with a Jasco J-810 Spectropo-
arimeter (Jasco, Tokyo, Japan) using a 0.1 cm quartz cell at
oom temperature over a wavelength range of 280–200 nm and
nder nitrogen flush.

.3. Procedures

Ten micromolar BSA solution, based on the molecular weight
f 68,000, was prepared by dissolving BSA in 0.1 M pH
.4 phosphate buffer solution (PBS) containing 0.15 M NaCl.
zelnidipine solution was prepared by dissolving the drug in
ethanol with final concentration of 1.25 × 10−3 M. Various
etal ion solutions of 2.5 × 10−3 M were prepared in ultra pure
ater.
For the fluorescence measurement, 2.5 mL 10 �M BSA and

arious amount of azelnidipine was added to a 1.0 cm quartz
ell in the presence and absence of metal ions. The concen-
rations of azelnidipine were ranged from 5 to 50 �M and the

otal accumulated volume of azelnidipine was no greater than
00 �L. Corresponding fluorescence emission spectra were then
ecorded from 300 to 500 nm upon excitation wavelength at
95 nm using 3/3 nm slit widths. The wavelength 295 nm leads

F
c
0
3
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o the excitation of two tryptophanyl, i.e. Trp135 and Trp214
esidues in BSA. All experiments were conducted at three tem-
eratures, 298, 304, and 310 K, respectively.

Synchronous fluorescence spectra of BSA with various con-
entrations of azelnidipine were obtained from 300 to 400 nm
�λ = 60 nm) and from 280 to 350 nm (�λ = 15 nm) with the
xcitation and emission slit widths of 3/1.5 nm, respectively.
he absorbance spectra of 10 �M azelnidipine were recorded at
98 K. CD spectra were collected from 200 to 280 nm at 0.2 nm
ntervals with five scans averaged for each CD spectrum. The

olar ratio of azelnidipine to BSA was varied as 0:1, 1:1, 3:1
nd 5:1.

. Results and discussion

.1. Fluorescence studies of BSA quenched by azelnidipine

Fluorescence spectra of BSA were recorded in the presence of
arious amounts of azelnidipine at 298 K. It is found that addition
f azelnidipine results in a concentration dependent quenching
f the intrinsic fluorescence of BSA without notable change of
he emission maximum (Fig. 2). Fluorescence quenching is the
ecrease of quantum yield of fluorescence from a fluorophore
nduced by a variety of molecular interactions with quencher

olecule. Therefore, the quenching of BSA fluorescence indi-
ates that the formation of complex between azelnidipine and
SA occurs.

Fluorescence intensity data was then analyzed according to
tern–Volmer quenching equation:

F0

F
= 1 + Ksv[Q] (1)
ig. 2. Fluorescence quenching spectra of BSA in the presence of different
oncentrations of azelnidipine at 298 K. CBSA = 10 �M. Cazelnidipine from a to k:
�M (a), 5 �M (b), 10 �M (c), 15 �M (d), 20 �M (e), 25 �M (f), 30 �M (g),
5 �M (h), 40 �M (i), 45 �M (j), and 50 �M (k).
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Table 2
Binding parameters obtained from the interaction of azelnidipine with BSA

T (K) Ka (×10−5 M−1) n R2 S.D.

298 2.21 1.15 0.9985 0.0149
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ig. 3. The modified and unmodified Stern–Volmer plots of azelnidipine inter-
ction with BSA at 298 K. CBSA = 10 �M.

he Stern–Volmer plot follows the linear relation at low concen-
ration of azelnidipine but exhibits an upward curvature when
he concentration of azelnidipine is greater than 10 �M. Accord-
ng to Eftink’s investigations, this indicates that an additional
tatic quenching takes place near the subdomain(s) where tryp-
ophanyl residues are located. Thus, the positive deviation is due
o the presence of a quencher molecule in the same solvent cage
s the fluorophores at the moment of excitation. Some of the
xcited states are deactivated almost instantaneously after for-
ation of the complex because azelnidipine molecules appear

andomly in BSA fluorophores proximity at the time of their
xcitation (Boaz and Rollefson, 1950).

Since the positive deviation of the Stern–Volmer polt is
aused when both static and dynamic quenching occurs.

To determine the dynamic and static quenching constants,
he modified Stern–Volmer equation was applied (Eftink and
hiron, 1975):

F0

F
= 1 + Ksv[Q] exp(V [Q]) (2)

here V is the static quenching constant and the value of V can be
btained from Eq. (2) by plotting {F0/F exp(V[Q])}− 1 versus
Q] for varying V until a linear plot is acquired. The Ksv can be
hen obtained from slope of {F0/F exp(V[Q])}− 1 versus [Q]
lot. Values of V and Ksv at different temperatures (298, 304
nd 310 K) are consequently presented in Table 1.
A positive deviation observed in Fig. 3 indicates that both
tatic and dynamic quenching occurs in the alzelnidipine
uenching of BSA intrinsic fluorescence (Thipperudrappa et

able 1
tatic and dynamic quenching constants for azelnidipine–BSA system at differ-
nt temperatures

(K) V (×10−3 M−1) Ksv (×10−5 M−1) R2 S.D.

98 4.80 3.66 0.9988 0.0224
04 1.60 3.95 0.9995 0.0157
10 0.40 4.31 0.9988 0.0261

(
l
o
o
e

l

w
r
T
t

04 1.05 1.09 0.9988 0.0128
10 1.02 1.08 0.9962 0.0227

l., 2006). However, it is found in Table 1 that the value of
sv is much greater than that of V. This suggests that the overall
uenching is dominated by dynamic quenching, while a small
tatic quenching component contributing to the positive devia-
ion of Stern–Volmer plot (Eftink and Ghiron, 1975).

.2. Analysis of binding equilibria

Fluorescence intensity data can also be used to obtain the
inding constant (Ka) and the number of binding sites (n) for the
rug–albumin complex. Equilibrium between free and bound
zelnidipine is given by Eq. (3) in the case that drugs bind
ndependently to a set of equivalent sites on a macromolecule,

og
F0 − F

F
= log Ka + n log[Q] (3)

here n is the number of binding site, and Ka is the binding
onstant (or the apparent association constant) for drug–BSA
nteraction. Values of n and Ka (Table 2) can thereby be deter-

ined from the intercept and slope by plotting log(F0 − F)/F
ersus log[Q]. The number of binding site n as calculated is
pproximately equal to 1, indicating that there is one class
f binding site for azelnidipine towards BSA. Value of Ka as
btained is of the order of 105, indicating that there is a strong
nteraction between azelnidipine and BSA.

.3. Determination of the force acting between azelnidipine
nd BSA

Thermodynamic parameters relying on temperatures were
nalyzed to characterize the acting forces between drug and
SA. The interaction forces between drugs and biomolecules
ay include electrostatic interactions, multiple hydrogen bonds,

an der Waals interactions, and hydrophobic interaction within
he binding site (Cui et al., 2006). In order to elucidate
he interaction of azelnidipine with BSA, the thermodynamic
arameters, that is, free energy changes (�G◦), enthalpy changes
�H◦), and entropy changes (�S◦) of interactions were calcu-
ated. If the enthalpy change (�H◦) does not vary significantly
ver the temperature range studied, then its value as well as that
f entropy change (�S◦) can be determined from the van’t Hoff
quation:

n K = −�H◦

RT
+ �S◦

R
(4)
here K is the analog to the associative binding constants cor-
esponding to various temperatures, and R is the gas constant.
he enthalpy change (�H◦) can be calculated from the slope of

he van’t Hoff relationship and the free energy change (�G◦)



58 N. Wang et al. / International Journal of

Table 3
Thermodynamic parameters of azelnidipine–BSA interaction

T (K) Ka

(×10−5 M−1)
�G◦
(kJ mol−1)

�H◦
(kJ mol−1)

�S◦
(J mol−1 K−1)

298 2.21
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at �λ = 15 and 60 nm are shown in Fig. 5.

It can be seen from Fig. 5 that the quenching of the fluo-
rescence intensity of tryptophan residues is stronger than that
of tyrosine residue, suggesting that tryptophan residues con-
04 1.05 −30.55 −49.77 −64.47
10 1.02

an be estimated from the following relationship:

G◦ = �H◦ − T �S◦ (5)

Values of �G◦, �H◦, and �S◦ are summarized in Table 3.
he negative sign for free energy (�G◦) means that the bind-

ng process is spontaneous. The negative values of �H◦ and
S◦ indicate that the binding is mainly driven by the enthalpy
hereas the entropy is unfavorable for it, and hydrogen bonding

long with van der Waals interactions play major role in the for-
ation of azelnidipine–BSA complex (Ross and Subramanian,

981).

.4. Stability of azelnidipine–BSA complex

The stability of azelnidipine–BSA complex was studied by
onitoring the changes of maximum of fluorescence (Fmax) of
SA at different temperatures and the results are shown in Fig. 4.
max of BSA decreases about 7.5% with increase of temperature

rom 298 to 310 K. Addition of azelnidipine at azelnidipine:BSA
olar ratio 1:1 causes the similar dependence of Fmax on temper-

ture, i.e. Fmax decreases 7.4% in the same temperature range.
hen azelnidipine:BSA is at molar ratio 5:1, Fmax ceases to

ecreases with the increase of temperature. It is likely that azel-
idipine stabilize the BSA structure regardless of temperature
ariation. This may be caused by the formation of the complex
hat may affect the microenvironment of the binding sites. The

ensitivity of BSA to temperature thus is changed.

The breaking of the hydrogen bonds can result in temperature
enaturation, therefore, it is the hydrogen bonds that probably
tabilize this complex between azelnidipine and −NH2 or OH

ig. 4. Dependence of BSA maximum of fluorescence on temperature. The
olar ratios of azelnidipine:BSA are (�) 0:1, (©) 1:1, and (�) 5:1, respectively.

F
a
(
(
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roups in albumin. Moreover, the lack of dependence on temper-
ture at higher azelnidipine/BSA molar ratio may indicate that
here are additional stabilization factors, such as van der Waals
nteractions, between the azelnidipine and BSA.

.5. Conformational investigations

Synchronous fluorescence spectra can be used to analyze
he change of the conformation of BSA because the maximum
mission wavelength of tryptophan residues is related to the
olarity of the environment and the change of emission wave-
ength is thus used to estimate that of protein conformation. If
λ = 15 nm, the synchronous fluorescence spectra exhibits the

pectral character only of tyrosine residues, and if �λ = 60 nm,
t exhibits that only of tryptophan residues. Synchronous fluo-
escence spectra of BSA upon addition of azelnidipine gained
ig. 5. Synchronous fluorescence spectra of BSA upon addition azelnidipine of
t 298 K. CBSA = 10 �M. Cazelnidipine from a to k: 0 �M (a), 5 �M (b), 10 �M
c), 15 �M (d), 20 �M (e), 25 �M (f), 30 �M (g), 35 �M (h), 40 �M (i), 45 �M
j), and 50 �M (k).
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Metal ions are vital to human body and play an essentially
structural role in many proteins based coordinate bonds. The
presence of metal ions in plasma may affect interaction of drugs
with BSA. Therefore, effect of some common metal ions (e.g.
ig. 6. CD spectra of BSA in the presence of azelnidipine. CBSA = 1 �M. molar
atios of azelnidipine: BSA from a to d are 0:1 (a), 1:1 (b), 3:1 (c) and 5:1 (d),
espectively.

ribute greatly to the quenching of intrinsic fluorescence of BSA.
oreover, a notable red shift of maximum emission wavelength

f tryptophan residue was observed upon addition of azelni-
ipine, whereas the tyrosine residue emission maximum kept
nchanged. This red shift indicates that the conformation of
SA is changed and tryptophan residues are placed in a less
ydrophobic environment, resulting in the increase of polarity
f the fluorophore environment. This increased polarity is prob-
bly due to the hydrogen bonding between the azelnidipine and
SA, which stabilize the complex.

Typical CD spectra of azelnidipine with BSA are shown in
ig. 6. As expected, the �-helices of BSA show a strong double
inimum at 222 and 209 nm, which is the typical �-helix struc-

ure of BSA (Gao et al., 2006). The intensities of this double
inimum reflect the amount of helicity of BSA. Upon addition

f azelnidipine to BSA (1:1, 3:1 and 5:1), the extent of BSA
-helices decreases. The decreased helicity suggests the bind-

ng of azelnidipine with BSA induces a slight unfolding of the
onstitutive polypeptides of protein, which results in a confor-
ational change of the protein that increased the exposure of

ome hydrophobic regions that were previously buried. This is
n agreement with the synchronous fluorescence result.

.6. Energy transfer from BSA to azelnidipine

Fluorescence resonance energy transfer (FRET) is a non-
estructive spectroscopic method that can monitor the proximity
nd relative angular orientation of fluorophores, the donor and
cceptor fluorophores can be entirely separate or attached to
he same macromolecule. A transfer of energy could take place
hrough direct electrodynamic interaction between the primarily
xcited molecule and its neighbors, with an important condition:
he distance between the donor and the acceptor is approach in

he range of 2–8 nm (Weiss, 1999). Regarding FRET, the energy
ransfer effect is not only related to the distance between the
onor (tryptophan residue) and acceptor (azelnidipine), but also
nfluenced by the critical energy transfer distance R0. It could

F
n
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e calculated by the following equation:

= 1 − F

F0
= R6

0

R6
0 + r6

(6)

here r is the distance between the acceptor and the donor, and
0 is the critical energy transfer distance, at which 50% of the
xcitation energy is transferred to the acceptor. R0 depends on
he quantum yield of the donor, the extinction coefficient of the
cceptor, the overlap of donor emission and acceptor excitation
pectra, and the mutual orientation of the chromophores. R0 is
efined by the following equation:

6
0 = 8.8 × 10−25k2N−4ΦJ (7)

In Eq. (7), k2 is the space factor of orientation, N is the
efracted index of medium, and Φ is the fluorescence quantum
ield of the donor. J is the effect of the spectral overlap between
he emission spectrum of the donor and the absorption spec-
rum of the acceptor (Fig. 7), which could be calculated by the
quation:

=
∑

F (λ)ε(λ)λ4 �λ
∑

F (λ) �λ
(8)

here F(λ) is the corrected fluorescence intensity of the donor
n the wavelength range λ to λ + �λ and ε(λ) is the extinction
oefficient of the acceptor at λ.

In the present case, k = 2/3, N = 1.336, Φ = 0.15 (Kandagal
t al., 2006), according to the Eqs. (6)–(8), we could calcu-
ate that J = 5.33 × 10−15 cm3 L mol−1, R0 = 2.29 nm, E = 0.295,
nd r = 2.66 nm. As the distance of donor to acceptor for
zelnidipine–BSA binding is in the 2–8 nm scale, the energy
ransfer from BSA to azelnidipine occurs with high probabi-
ity.

.7. Influences of common metal ions on binding constant
ig. 7. Spectral overlap between (a) BSA fluorescence spectrum and (b) azel-
idipine absorbance spectrum. CBSA = Cazelnidipine = 10 �M.
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Table 4
Binding constants Ka of azelnidipine–BSA complex in the presence of various
metal ions at 298 K

Ka (×10−5 M−1) R2 S.D.

BSA–azelnidipine 2.21 0.9985 0.0224
BSA–azelnidipine–Al3+ 1.46 0.9991 0.0234
BSA–azelnidipine–Ca2+ 1.31 0.9988 0.0186
BSA–azelnidipine–Cu2+ 1.23 0.9992 0.0161
B +
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SA–azelnidipine–K 0.86 0.9963 0.0265
SA–azelnidipine–Mg2+ 0.89 0.9995 0.0123
SA–azelnidipine–Zn2+ 1.35 0.9990 0.0137

u2+, Zn2+, Mg2+, Al3+, K+ and Ca2+) on binding constant of
zelnidipine–BSA complex was investigated at 298 K. The val-
es of binding constant Ka acquired in the present of various
etal ions are listed in Table 4.
As is shown in Table 4, the presence of the tested metal ions,

.g. Cu2+, Zn2+, Mg2+, Al3+, K+ and Ca2+, decreases the bind-
ng constant of azelnidipine–BSA complex. This is likely due
o the conformational change in the vicinity of the binding site.
lthough the binding sites for azelnidipine and metal ion on
SA may not locate in the same domain, the formation of metal

on–BSA complexes is likely to lead to the changes in the confor-
ation of albumin. This may affect azelnidipine binding kinetics

nd could even inhibit azelnidipine–BSA interaction. From the
harmacokinetic perspective, the decrease of the binding con-
tant in the presence of metal ions may result in the increase
n the concentration of free drug in blood plasma, which may
nhance its maximum effects.

. Conclusions

The interaction of azelnidipine with BSA results in the forma-
ion of azelnidipine–BSA complex. Azelnidipine quenches BSA
ntrinsic fluorescence through a combination of dynamic and
tatic modes. The values of thermodynamic parameters suggest
hat the hydrogen bonding plays a major role in the interaction of
zelnidipine with BSA. Synchronous fluorescence spectra and
D data reveal that the conformation of BSA is changed upon
ddition of azelnidipine. The presence of the metal ions, such
s Cu2+, Zn2+, Mg2+, Al3+, K+ and Ca2+, decreases the binding
onstants of azelnidipine–BSA complex, which may cause an
ncrease in the concentration of free drug in blood plasma, thus,
ncrease in the effect of free drug.
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