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The binding parameters between cyclodextrins (CDs) and human serum albumin (HSA) were investigated by isothermal
titration calorimetry (ITC), fluorescence quenching, and UV-vis absorption spectroscopy at 300 K in 50 mM phosphate

buffer solution. Among the various CDs investigated, b-CD has the greater ability to decrease the aggregation of HSA and
the results indicated that the inhibition order is g-CD,a-CD,b-CD. The obtained heats for HSAþCDs interactions
were reported and analysed in terms of the extended solvation model, which was used to reproduce the enthalpies of HSA

interactionswith CDs over a broad range of complex concentrations. The binding constant and thermodynamic parameters
were obtained. These suggested that the binding reaction was driven by both enthalpy and entropy, and electrostatic
interactions played amajor role in the stabilising of HSA. The parameters dyA and dyB reflected the net effect ofb-CD on the

HSA stability at low and high cyclodextrin concentrations, respectively. The positive values for dyA indicated that b-CD
stabilises the HSA structure at low concentrations. The UV absorption intensity of theses complexes increased and a slight
red shift was observed in the absorbance wavelength with increasing the CD concentration. The fluorescence intensity of

HSA decreased regularly and a slight blue shift was observed for the emission wavelength with increasing CD
concentration. The results indicate that the CD complex could quench the fluorescence of HSA and changes the
microenvironment of the tryptophan residue.
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Introduction

Human serum albumin (HSA) is a principal extracellular protein

with a concentration of 40 mg mL�1 in blood plasma. It is
composed of three structurally similar domains (I, II,V), each
containing two subdomains (A and B).[1–4] Serum albumins are

the main transport proteins; they bind metabolites, endogenous
toxins, hormones, etc. Protein stability is a particularly relevant
issue in the pharmaceutical field and will continue to gain more
importance as the number of therapeutic protein products

increases.[5,6] Interactions between serum albumin and ligands
can provide important information about ligand storage, trans-
portation, evacuation, etc. As a result, research on this subject

has attracted the attention of biologists, chemists, pharmacists,
and therapists.[6–12]

Protein stability and folding pathways are closely dependent

on the various solvent ionic compositions, temperature, and
adsorption on a hydrophobic surface. Excipients/additives,
including cyclodextrins (CDs), can be added to the protein

preparation commonly in order to inhibit protein denaturation.
CDs consist of three major classes a, b, and g-CD. CDs are
manufactured from starch (a-glucopyranose). TheCDmolecules

are characterised by the presence of a hydrophobic cavity and
hydrophilic exterior. CDs can be used to bind the hydrophobic

parts of the protein surface to increase the solubility and stability
of proteins.[13] CDs can improve the solubility, stability, and
bioavailability of guest molecules by forming inclusion com-

plexes with a large variety of organic and inorganic compounds
(Fig. 1). Therefore,CDs have beenwidely applied in environment
protection, organic synthesis, food research, and especially in
pharmacological science.[14–20] Binding to exposed hydrophobic

residues on proteins is the common idea of how cyclodextrins
inhibit protein aggregation. This work focuses on the role of
CDs as excipients for a parenteral route of application.

Isothermal titration calorimetry (ITC) is a reliable technique
for monitoring chemical reactions thermodynamically. This
technique has recently become an effective approach for char-

acterising biomolecular interactions. In a drug–CD–protein
ternary system, an insoluble drug was solubilised by the CD
hydrophobic cavity.[21] In this work, in order to investigate the

effect of CDs on the unfolding and the aggregation of HSA, the
binding parameters of the interaction are measured at pH 7 by
ITC. To verify the obtained results from ITC, ultraviolet and
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fluorescence spectra of the system were also determined and
analysed. The structural effects and thermodynamic parameters
of various CDs on the aggregation of HSA are determined and

compared with b-CD.

Experimental

a-Cyclodextrin (a-CD), b-cyclodextrin (b-CD), g-cyclodextrin
(g-CD), and disodium hydrogen phosphate (Na2HPO4) were
purchased from Sigma Chemicals Co. HSA was obtained from

Sigma–Aldrich (Taiwan, China) and protein concentrations
were determined from absorbance measurements at 277 nm in a
1 cm quartz cuvette. All other materials and reagents were of

analytical grade, and the solutions were made in 50 mM buffer
phosphate using double-distilled water. All solutions were
thoroughly degassed before use by stirring under vacuum. The

ITC experiments were carried out on a VP-ITC ultra-sensitive
titration calorimeter (MicroCal, LLC, Northampton, MA).
UV-Vis spectra were recorded in a UV-1100 double beam
spectrophotometer (Unico) that was equipped with a temperature

regulation system. Fluorescence measurements were carried out
on a 100-bio recording spectrophotometer (Perkin–Elmer, USA).

The microcalorimeter consisted of a reference cell and a

sample cell of 1.8 mL in volume, with both cells insulated by an
adiabatic shield. The sample cell was loaded with HSA solution
(117.80mM) and the reference cell contained the buffer solution.

The solution in the cell was stirred at 307 rpm by a syringe
(equipped with a micro-propeller) initially filled with CD and
later with a HSA–CD solution (41.152 mM for a-CD,
35.242 mM for b-CD, and 30.837 mM for g-CD) to ensure

rapid mixing. Injections were started after baseline stability had
been achieved. The titration of HSA with CD solution involved
30 consecutive injections of the ligand solution; the first injec-

tion was 10 mL and the remaining ones were 10 mL. In all cases,
each injection was done over 6 s at 3 min intervals. To correct
the thermal effects due to CD dilution, control experiments

were performed in which identical aliquots were injected into
the buffer solution with the exception of HSA. In the ITC

experiments, the enthalpy changes associated with processes
occurring at a constant temperature were measured. The mea-
surements were performed at a constant temperature of

27.0� 0.028C and the temperature was controlled using a
Poly-Science water bath.

Results and Discussion

The heat of the macromolecule–ligand interactions (q) has been
obtained by an ITC technique which can be reproduced by the
following equation in aqueous solvent systems.[22–29]

q ¼ qmax x
0
B� dyAðx0ALA þ x0BLBÞ� ðdyB � dyAÞðx0ALA þ x0BLBÞ x0B

ð1Þ

where qmax represents the heat value upon saturation of all
HSA, the parameters dyA and dyB exhibit the HSA stability at low

and high CD concentrations, respectively, x0B and x0A¼ 1 – x0B
are the fraction of bound ligand with the protein molecule
and the fraction of unbound ligand, respectively, which can be

expressed as follows:

x0B ¼ pxB

xA þ pxB
ð2Þ

where p is co-operativity factor so that if the binding of the ligand

at one site increases or the affinity for a ligand at another site
decreases, the macromolecule exhibits positive co-operativity
(p. 1) or negative co-operativity (p, 1), respectively. If the

ligand binds at each site independently, the binding is non-
cooperative (p¼ 1). xB can be defined as follows:

xB ¼ ½L�
½L�max

ð3Þ

where [L] is the concentration of the ligand after every injection

and [L]max is the maximum concentration of the ligand upon
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Fig. 1. The chemical structures and the cavity of the three cyclodextrins (CDs): a-, b-, and g-CD.
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saturation of all HSA. The positive values of dyA and dyB show that

HSA is substantially stabilised by CDs at 278C. The measured
heats of HSAþCDs interactions (q) with 35.242 mM b-CD,
41.152 mM a-CD, and 30.837 mM g-CD at 300 K in 30 mM

phosphate buffer solution of pH 7, and the heats of dilution of
CDs with water (qdilut), from ITC at many injections have been

listed in Table 1. The heats of HSAþCDs interactions (q) were
fitted to Eqn 1 for all of the CD compositions. In the fitting

procedure, p was changed until the best agreement between the
experimental and calculated data was approached. The experi-
mental and calculated q values are shown schematically in

Fig. 2. LA and LB are the relative unbound and bound ligand
contributions to the heats of dilution in the absence of HSA. LA
and LB can be calculated from the heats of dilution of CDs in

water (qdilut) as follows:

LA ¼ qdilut þ xB
@qdilut
@xB

� �
ð4Þ

LB ¼ qdilut þ xA
@qdilut
@xB

� �
ð5Þ

dyA and dyB have also been optimised to fit the data. The
optimised dyA and dyB values are recovered from the coefficients

of the second and third terms of Eqn 1. The small relative
standard coefficient errors and the high r2 values (0.99999)
support this method. For a set of identical and independent
binding sites, it is possible to use the following equation for the

calculation of Kd and g as follows:

Dq
qmax

M0 ¼ Dq
q

� �
L0

1

g
� Kd

g
ð6Þ

where Dq¼ qmax � q. In this equation, q represents the heat
value at a certain ligand and biomolecule concentration,M0 and

Table 1. Heats of human serum albumin (HSA)–cyclodextrin (CD) interactions (q) with 35.242mM b-CD, 41.152 mM a-CD, and 30.837 mM g-CD

at 300K in 30mMphosphate buffer solution of pH 7, and the heats of dilution of CDswith water (qdilut) from isothermal titration calorimetry (ITC) at

many injections (the precision is ± 0.1 lJ or better)

[HSA]T [mM] [a-CD]T [mM] q [mJ] qdilut [mJ] [b-CD]T [mM] q [mJ] qdilut [mJ] [g-CD]T [mM] q [mJ] qdilut [mJ]

116.50 452.22 �844.51 46.41 387.27 �908.45 31.83 338.87 �965.31 16.77

115.87 674.63 �1343.08 73.60 577.74 �1464.31 42.59 505.53 �1572.14 25.09

115.24 894.61 �1724.04 109.42 766.13 �1896.26 65.81 670.38 �2049.24 40.26

114.61 1112.22 �2042.97 152.03 952.49 �2259.91 97.21 833.44 �2452.61 48.21

114.00 1327.49 �2322.68 199.72 1136.84 �2578.08 137.04 994.75 �2805.47 64.55

113.39 1540.46 �2567.11 261.01 1319.22 �2855.53 185.31 1154.34 �3112.61 97.83

112.79 1751.16 �2786.81 326.63 1499.66 �3103.22 240.36 1312.23 �3385.79 139.21

112.19 1959.63 �2982.95 392.68 1678.19 �3322.79 299.41 1468.44 �3627.15 184.35

111.60 2165.91 �3166.71 461.06 1854.84 �3525.77 359.32 1623.02 �3848.88 234.34

111.01 2370.03 �3338.81 526.80 2029.64 �3713.72 417.59 1775.97 �4052.71 283.78

110.44 2572.02 �3499.10 601.55 2202.62 �3886.93 472.88 1927.33 �4238.88 344.32

109.87 2771.91 �3651.80 642.51 2373.81 �4050.16 525.13 2077.12 �4412.98 372.74

109.30 2969.75 �3793.03 695.61 2543.24 �4199.74 575.39 2225.37 �4571.35 414.54

108.74 3165.56 �3925.21 746.71 2710.92 �4338.21 625.28 2372.10 �4717.32 456.03

108.18 3359.37 �4044.71 794.85 2876. 90 �4462.71 676.54 2517.33 �4847.69 495.82

107.63 3551.21 �4162.62 858.59 3041.19 �4584.38 730.44 2661.09 �4974.37 552.04

107.10 3741.11 �4264.51 919.29 3203.82 �4689.19 787.49 2803.39 �5082.94 606.46

106.55 3929.11 �4359.88 980.21 3364.81 �4786.24 847.29 2944.27 �5183.34 661.54

106.02 4115.23 �4444.51 1048.35 3524.20 �4872.12 908.66 3083.73 �5271.31 724.65

105.43 4299.49 �4531.10 1114.39 3682.00 �4959.55 970.02 3221.81 �5360.41 786.10

104.98 4481.93 �4603.66 1176.50 3838.24 �5032.11 1029.93 3358.52 �5434.23 844.03

104.45 4662.57 �4672.01 1224.39 3992.94 �5100.03 1087.65 3493.88 �5502.99 888.15

103.94 4841.44 �4736.93 1280.91 4146.12 �5164.13 1143.81 3627.92 �5567.50 941.33

103.43 5018.57 �4795.24 1346.85 4297.81 �5221.61 1200.67 3760.65 �5625.39 1003.92

102.93 5193.97 �4848.41 1402.01 4448.02 �5273.92 1262.19 3892.09 �5677.29 1056.14

102.43 5367.69 �4899.21 1472.68 4596.79 �5323.48 1333.41 4022.26 �5726.44 1124.32

101.94 5539.73 �4941.22 1560.53 4744.11 �5364.23 1419.16 4151.18 �5766.77 1209.66

101.45 5710.12 �4975.25 1663.61 4890.04 �5397.01 1521.78 4278.86 �5798.71 1310.65

0

Calculated HSA�[β-CD]
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Calculated HSA�[γ-CD]
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Fig. 2. Comparison between the experimental heats, q (J), for human

serum albumin (HSA)–cyclodextrin (CD) interactions and calculated data

(lines) via Eqn 1. [CD] are concentrations of b-CD, a-CD, and g-CD

solutions in mM at pH 7.
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L0 are total concentrations of HSA and ligand, respectively,

qmax represents the heat value upon saturation of all HSA
molecules, and Kd is the dissociation equilibrium constant for
the equilibrium:

MþL2ML; Kd ¼ ½M�½L�
½ML� ð7Þ

If q and qmax are calculated per mole of biomacromolecule,
then the molar enthalpy of binding for each binding site (DH )

will be: DH ¼ qmax

g
.

A non-linear least-squares computer program has been
developed to fit data into Eqn 1. The best correlation coefficient

(R2E 1) showed good support for the use of Eqn 1.
Ka is the product for equilibrium:

HSAðH2OÞg þ i ðCDÞ2HSAðH2OÞg�i ðCDÞi ð8Þ

The standard Gibbs free energy (DG8) can be calculated from
the association constant (Ka ¼ 1

Kd
) as follows:

DG0 ¼ �RT lnKa ð9Þ

where Ka is the association equilibrium constant as a function of
b-CD concentration. Therefore, for the first time, we managed
to calculateDG andDS values using one set of experimental data

at one temperature. All thermodynamic parameters of ligand
binding to HSA are summarised in Table 2. p¼ 1 indicates that
the binding is non-cooperative in nine binding sites. dyA and dyB
values are positive and reflect the net effect of CDs on the HSA

stability in low and high dextrin concentrations, respectively.
The positive values for dyA indicate that CDs stabilise the HSA
structure at low concentrations. The small value of dyB shows that
CDs destabilise the HSA structure at high concentrations. It is
possible to describe the activity of HSA with the values of dyA
and dyB. The greater values of dyA and dyB cause the greater

biological activity of HSA and vice versa. The binding process
for the HSAþCDs interaction is enthalpy and entropy driven,
indicating that electrostatic interactions play an important role

in the interaction of HSA with CDs.
UV-Vis absorption measurements were found to be a very

convenient method to explore the structural change[30] and
formation of a complex.[31] The typical absorption peaks of

HSA centre at 235 and 279 nm (the absorption at 235 nmwas not
given in Fig. 3, since the absorption at 235 nm was too strong to
give useful information). From Fig. 3a it is apparent that in the

CD systems, b-CD showed large stabilising effects on the

structure of HSA while g-CD had smaller effects and a-CD
had a moderate stabilising effect. The effect of b-CD on the UV
spectrum of HSA at 298 K is shown in Fig. 3b. The UV
absorption intensity of HSA increases and then decreases

regularly with increasing b-CD concentration. Figs 4 and 5
show that the absorption peaks of the mixed solutions are not the
simple superposition of the characteristic absorption peaks
corresponding to the CDs and HSA alone. This means that the

HSAþCDs supramolecular complexes form in the aqueous
buffer solution and the HSA structure is stabilised at the low
concentration of the CDs used, and for high concentrations of

CDs the situation is vice versa.
HSA has three intrinsic fluorophores, including tryptophan,

tyrosine, and phenylalanine residues, among which tryptophan

mainly contributes to the intrinsic fluorescence of HSA.[32] In
this work, the concentrations of HSA in the solutions were
stabilised at 117.8 mM, and the concentrations of CDs varied
from 0 to 16.00 mM. The effect of the CDs on HSA fluorescent

intensity at 300 K is shown in Fig. 6a. It can be observed that a
decreasing progression with a slight blue shift in the fluorescent
intensity has been caused by the addition of CDs at a low

concentration; thus, the HSA structure is stabilised at a low
concentration of the CDs, but it is apparent that in the CD
systems, b-CD showed a larger decrease in the fluorescent

intensity of HSA in comparison with that of g-CD and a-CD
indicating that the chromophore of the protein was placed in a
more hydrophobic environment after the addition of the CDs.[17]

The fluorescence emission spectra of the HAS–b-CD
complexes obtained in 0.05 M phosphate buffer, pH 7, at
298 K is shown in Fig. 6b. The fluorescence intensity of HSA
decreases and then increases regularly and a slight blue shift was

observed in the emission wavelength (335 nm) with increasing
b-CD concentration. A similar observation is made for a-CD
and g-CD.

A blue shift in the maximum emission wavelength of HSA
was observed upon the addition of the CDs, probably due to the
loss of the compact structure of the hydrophobic sub-domain

where tryptophan was placed.[15]

Earlier research demonstrated that fluorescent quenching
decreases the fluorescent quantum yield from a fluorophore
which is induced by a variety of molecular interactions with a

quencher molecule.[33] Therefore, the quenching of HSA fluo-
rescence indicates that the formation of a complex between the
CDs and HSA occurs. HSA contains only one tryptophan

residue (214-Trp), which makes the main contribution to the
fluorescent intensity of HSA in the selected wavelength
range.[34]

Conclusions

The competing interactions of CDs with HSA have been
investigated by ITC, ultraviolet absorption and fluorescence
spectroscopy in aqueous buffer solutions of pH 7 at 300 K. The

calorimetric data and the spectroscopic results indicate that
supramolecular complexes of CDs coordinated with HSA could
form in the aqueous buffer medium, and their stability was

generally in the order of g-CD,a-CD,b-CD. Therefore, it is
apparent that in the CD systems, b-CD showed a large stabi-
lising effect on the structure while g-CD had a smaller effect and
a-CD had amoderate stabilising effect. The stabilising effects of

b-CD may be due to a better fit of its cavity to aromatic amino
acids which are involved in protein folding. Hydrophobic side
chains of the protein interact with the cavity ofb-CD leading to a

Table 2. Binding parameters for human serum albumin

(HSA)–cyclodextrin (CD) interactions recovered from Eqn 1 at pH 7

Parameter a-CD b-CD g-CD

P 1.00� 0.01 1.00� 0.01 1.00� 0.01

G 17.02� 0.03 8.90� 0.03 15.16� 0.03

Ka [M
�1] 988.66� 12.08 697.32� 12.08 2317.64� 12.08

DH [kJ mol�1] �1.39� 0.03 �4.25� 0.03 �1.76� 0.03

DG [kJ mol�1] �17.21� 0.03 �16.33� 0.03 �19.32� 0.03

DS [kJ mol�1 K�1] 0.058� 0.001 0.04� 0.001 0.051� 0.001

dyA 2.69� 0.070 3.56� 0.070 1.98� 0.070

dyB 0.003� 0.02 0.023� 0.02 0.002� 0.02
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hydrophilic covering layer which increases protein stability.

The cavity size of g-CD is too large to form strong inclusion
complexes which may hinder the accessibility of hydrophobic
amino acid side chains of the protein to the g-CD cavity. The

results indicated that the use of CDs for protein stabilisation is
dependent not only on the structure and properties ofCDs but also
on the concentration of CDs; therefore, the most appropriate CD
concentration should be used for stabilisation.Among the various

CDs,b-CDhas the greater ability to stabilise the structure ofHSA
induced by various stresses. b-CD and a-CD may be preferable
over g-CD for use as anti-aggregation agents in parenteral pre-

parations of proteins, because of the goodbio-adaptability and the
solubility property at higher temperatures.[35–37] The results of
ultraviolet absorption and fluorescence spectroscopy of HSA

confirm these parameters.

The thermodynamic parameters for the inclusion process of
CDs with HSA indicate that the inclusion complex can sponta-

neously form in the buffer solution through both enthalpy and
entropy driven processes, but that electrostatic interactions play
an important role in the binding processes and the binding sites

are non-co-operative for HSAþCDs interactions.
The CDs have an extensive range of applications in different

areas of drug delivery due to their complexation ability. There-
fore, both spectroscopic and calorimetric results point towards

stabilising interactions between HSA and CDs. The stabilisation
of the HSA structure is a superior side effect of using CDs as a
drug delivery system.

2.0

1.5

0.5

HSA
β-CD
HSA�β-CD
HSA (alone)�β-CD (alone)

0

250 300

Wavelength [nm]

A
bs

or
ba

nc
e

350

1.0

Fig. 4. Comparison between the absorption spectra of human serum

albumin (HSA) in different concentrations of b-CD in phosphate buffer

(50 mM), pH 7 and T 300 K. (J) HSA, (&) [b-CD]¼ 14.9 mM, (D) has þ
[b-CD]¼ 14.9mM, (�) simple superposition of the characteristic absorption

peaks corresponding to the [b-CD]¼ 14.9 mM and HSA alone.

1.0

0.8

0.6

A
bs

or
ba

nc
e

0.4

0.2

400350

Wavelength [nm]

A
bs

or
ba

nc
e

300250

β-CD

HSA

HSA�[γ-CD]

HSA�[α-CD]

HSA�[β-CD]

α-CD
γ-CD

1.5

(a) (b)

1.0

0.5

0

280 300

λ [nm]
320

Fig. 3. (a) Comparison between absorption spectrum of human serum albumin (HSA) in low concentrations of cyclodextrins (CDs) in phosphate buffer

(50 mM), pH 7 and T 300 K. (b) The effect of b-CD on the UV spectrum of HSA at 298 K. The concentration of HSA was fixed as:

[HSA]¼ 2.450� 10�5 M and [b-CD]¼A� 10�5 M (A¼ 11.01, 22.02, 33.20, 44.06, 55.04, 55.04, 66.08, 77.06, 88.02, 99.00, 110.00, 121.00, and

132.1), respectively (up to down)

0

250 300

β-CD
HSA
HSA (alone)�β-CD (alone)
HSA��-CD

Wavelength [nm]

350

0.2

0.4

0.6

A
bs

or
ba

nc
e

0.8

1.0

Fig. 5. Comparison between absorption spectrum of human serum albu-

min (HSA) in different concentrations of b-cyclodextrn (CD) in phosphate

buffer (50 mM), pH 7, and T 300 K. (J) [b-CD]¼ 1.26 mM, (&) HSA, (D)

simple superposition of the characteristic absorption peaks corresponding to

the [b-CD]¼ 1.26 mM and HSA, (�) HSA þ [b-CD]¼ 1.26 mM.

1898 M. Oftadeh et al.



Acknowledgements

Financial support from the Universities of Imam Khomeini (Qazvin) and

Tehran are gratefully acknowledged.

References

[1] D. Romanini, G. Avalle, B. Farruggia, B. Nerli, G. Pico, Chem. Biol.

Interact. 1998, 115, 247. doi:10.1016/S0009-2797(98)00075-1
[2] D. C. Carter, J. X. Ho, Adv. Protein Chem. 1994, 45, 153. doi:10.1016/

S0065-3233(08)60640-3
[3] H.M. He, D. C. Carter,Nature 1992, 358, 209. doi:10.1038/358209A0
[4] T. Peters, Adv. Protein Chem. 1985, 37, 161. doi:10.1016/S0065-3233

(08)60065-0
[5] F. Q. Cheng, Y. P.Wang, Z. P. Li, C. Dong, Spectrochim. Acta A 2006,

65, 1144. doi:10.1016/J.SAA.2006.01.024
[6] S. Tavornvipas, F. Hirayama, S. Takeda, H. Arima, K. Uekama,

J. Pharm. Sci. 2006, 95, 2722. doi:10.1002/JPS.20715
[7] A. Rieutord, P. Bourget, G. Troche, J. F. Zazzo, Int. J. Pharm. 1995,

119, 57. doi:10.1016/0378-5173(94)00369-G
[8] M. Bogdan, A. Pirnau, C. Floare, C. Bugeac, J. Pharm. Biomed. Anal.

2008, 47, 981. doi:10.1016/J.JPBA.2008.04.003
[9] G. Colmenarejo, Med. Res. Rev. 2003, 23, 275. doi:10.1002/MED.

10039
[10] A. K. Bordbar, N. Sohrabi, H. Gharibi, Bull. Korean Chem. Soc. 2004,

25, 791. doi:10.5012/BKCS.2004.25.6.791
[11] Y. Yue, X. Chen, J. Qin, X. Yao, Dyes Pigments 2008, 79, 176.

doi:10.1016/J.DYEPIG.2008.02.008
[12] G. Zhang, Q. Que, J. Pan, J. Guo, J. Mol. Struct. 2008, 881, 132.

doi:10.1016/J.MOLSTRUC.2007.09.002
[13] T. Wang, B. Xiang, Y. Wang, C. Chen, Y. Dong, H. Fang, M. Wang,

Colloids Surf. B 2008, 65, 113. doi:10.1016/J.COLSURFB.2008.03.
008

[14] E. Budzisz, U. Krajewska, M. Rozalski, Pol. J. Pharmacol. 2004, 56,

473.
[15] H. Mansuri-Torshizi, T. S. Srivastava, H. K. Perekh, M. P. Chitnis,

J. Inorg. Biochem. 1992, 45, 135. doi:10.1016/0162-0134(92)80008-J
[16] G. Zhao, H. Sun, H. Lin, S. Zhu, X. Su, Y. Chen, J. Inorg. Biochem.

1998, 72, 173. doi:10.1016/S0162-0134(98)10077-6
[17] A. Harada, Acc. Chem. Res. 2001, 34, 456. doi:10.1021/AR000174L

[18] J. Szejtli, G. Sebesty, Starch 1979, 31, 385. doi:10.1002/STAR.
19790311108

[19] R. Partanen,M.Ahro,M.Hakala, H.Kallio, P. Forssell,Eur. FoodRes.

Technol. 2002, 214, 242. doi:10.1007/S00217-001-0446-1
[20] W. S. Cai, Y. M. Yu, X. G. Shao, J. Mol. Model. 2005, 11, 186.

doi:10.1007/S00894-004-0233-6
[21] A. Weber, M. Herold, H. Brunner, G. E. M. Tovar, Thermochim. Acta

2004, 415, 69. doi:10.1016/J.TCA.2003.09.013
[22] H. Mansoori-Torshizi, M. Islami-Moghaddam, A. A. Saboury, Acta

Biochim. Biophys. Sin. (Shanghai) 2003, 35, 886.
[23] G. R. Behbehani, Bull. Korean Chem. Soc. 2005, 2, 238.
[24] G. R. Behbehani, Acta Chim. Slov. 2005, 52, 282.
[25] G. R. Behbehani, A. Taherkhani, L. Barzegar, A. A. Saboury,

A. Divsalar, J. Sci. I. R. Iran 2011, 22, 117.
[26] G. R. Behbehani, E. Tazikeh, A. A. Saboury, Bull. Korean Chem. Soc.

2006, 2, 208.
[27] G. R. Behbehani, S. Ghamamy, Thermochim. Acta 2006, 444, 71.

doi:10.1016/J.TCA.2006.02.028
[28] G. R. Behbehani, S. Ghamamy, W. E. Waghorne, Thermochim. Acta

2006, 448, 37. doi:10.1016/J.TCA.2006.06.021
[29] G. R. Behbehani, E. Tazikeh, A. A. Saboury, Acta Chim. Slov. 2006,

53, 363.
[30] G. R. Behbehani, A. A. Saboury, Thermochim. Acta 2007, 452, 76.

doi:10.1016/J.TCA.2006.10.024
[31] G. R. Behbehani, A. A. Saboury, A. Fallahbaghery, J. Solution Chem.

2007, 36, 1311. doi:10.1007/S10953-007-9181-Y
[32] G. R. Behbehani, A. A. Saboury, E. Taleshi, J. Solution Chem. 2008,

37, 619. doi:10.1007/S10953-008-9267-1
[33] G. R. Behbehani, A. A. Saboury, J. Therm. Anal. Calorim. 2007, 89,

859.
[34] G. R. Behbehani, A. A. Saboury, E. Taleshi, J. Mol. Recognit. 2008,

21, 132. doi:10.1002/JMR.881
[35] G. R. Behbehani, A. A. Saboury, E. Taleshi,Colloids Surf. B 2008, 61,

224. doi:10.1016/J.COLSURFB.2007.08.007
[36] K. Paal, J. Muller, L. Hegedus, Eur. J. Biochem. 2001, 268, 2187.

doi:10.1046/J.1432-1327.2001.02107.X
[37] N. Wang, L. Ye, F. F. Yan, R. Xu, Int. J. Pharm. 2008, 351, 55.

doi:10.1016/J.IJPHARM.2007.09.016

300
0 0

10

20

30

40

F
lu

or
es

ce
nc

e

50

60

70

80

90

100

110

10

20

30

F
lu

or
es

ce
nc

e

40

50

60

70

80

350 400

Wavelength [nm] Wavelength [nm]

450 500 320 340 360 380 400 420 440

HSA�[β-CD]
HSA�[α-CD]
HSA�[γ-CD]
HSA

(a)

(b)

Fig. 6. (a) The fluorescence spectra of human serum albumin (HSA) in the presence of low concentrations of cyclodextrins (CDs) in phosphate buffer

(50 mM), pH 7, and T 300 K. (b) Fluorescence emission spectra of the HSA þ b-CD complexes obtained in 0.05 M phosphate buffer, pH 7, at 298 K. The

excitationwavelengthwas 295 nm. The concentration ofHSAwas fixed as: [HSA]¼ 2.45� 10�5Mand [b-CD]¼A� 10�4M (A¼ 0.6, 2.0, 3.4, 4.6, 5.6, 6.5,

7.3, and 8), respectively (bottom to top).
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