
Cinnamic acid (3-phenyl-2-propenoic acid, structure shown
in Fig. 1) is a compound which can be found in nature. 
It mainly occurs in flavor compositions and products contain-
ing cinnamon oil.1) It has a broad possible therapeutic activi-
ties, including antimicrobial activity and antifungal activ-
ity.2,3) It was shown that cinnamic acid has antitumor activi-
ty against human malignant tumors, such as melanoma, 
glioblastoma and adenocarcinoma of the prostate and lung.4)

It was also approved its use in cancer prevention and therapy
because it has low toxicity in rats and rabbits.1,5)

Serum albumin, one of the most available and extensively
studied of all proteins, is the most abundant protein in
plasma, accounting for about 60% of its total protein content
and providing about 80% of the blood osmotic pressure. It
plays an important role in drug transport and storage in ver-
tebrates.6,7) In the current work, bovine serum albumin
(BSA) is selected as our protein model because it is well
suited to these initial studies and has been extensively char-
acterized.8) BSA consists of 583 amino acids in a single
polypeptide chain. It posses a wide range of physiological
functions involving the binding, transport and delivery of
fatty acids, porphyrins, bilirubin, tryptophan, thyroxin and
steroids. It contains three homologous a-helices domains 
(I, II and III), and each domain is further divided into two
subdomains (IA, IB, etc.).9) It posses two tryptophans embed-
ded in two different domains, one of them is located in the
proximity of the protein surface, but buried in a hydrophobic
pocket of domain I (Trp-134), whereas the other is located in
an internal part of domain II (Trp-214).10) Interactions be-
tween cinnamic acid and human serum albumin have been
reported using Fourier transformed infrared (FT-IR) spec-
troscopy.11) But BSA has more widely application than

human serum albumin because it is not only suitable for hu-
mans but also suitable for other animals, and there is lack of
information on the cinnamic acid–BSA binding mode, the
binding constant, the effects of cinnamic acid complexation
on the protein secondary structure, and the effect of common
ions.

So in this work, the interaction of cinnamic acid and BSA
was studied at physiological pH by fluorescence, CD spec-
troscopy and FT-IR spectroscopy, and the effect of common
ions on drug–BSA system in aqueous solutions at physiolog-
ical pH have also been investigated. Spectroscopic evidence
regarding the drug binding mode, the association constant,
and the change of protein secondary structure are provided
here.

Experimental
Materials BSA was purchased from Sino-American Biotechnology

Company and used without further purification and its molecular weight was
66210. BSA (1.0�10�4 mol/l) solution was prepared in pH 7.40 Tris–HCl
buffer solution and kept in the dark at 4 °C. Cinnamic acid (analytical grade)
was obtained from the National Institute for Control Pharmaceutical and
Products, China. Cinnamic acid stock solution (1.0�10�3 mol/l) was pre-
pared in ethanol. NaCl (analytical grade, 0.1 mol/l) solution was used to
maintain the ionic strength at 0.1 mol/l Tris–HCl buffer (pH 7.40). The pH
was checked with Sartorius PP-20 standardized pH meter (Germany). The
solution of four displacement probes such as ibuprofen, chlorphenamine
maleate, bilirubin, ketoprofen which (obtained from the National Institute
for Control Pharmaceutical and Products, China) was obtained by dissolving
it in ethanol, respectively. All starting materials were analytical reagent
grade and doubly deioned distilled water was used throughout.

Apparatus and Methods Fluorescence emission spectra were meas-
ured with RF-5310PC spectrofluorophotometer (Shimadzu). UV–Vis ab-
sorbance spectra were measured with a Cary-100 UV–Visible spectropho-
tometer (Varian). CD spectra were measured with a Jasco-810 automatic
recording spectropolarimeter (Japan) and a 0.1 cm pathlength cell was used.
CD spectra of cinnamic acid and the cinnamic acid–BSA complex were
recorded from 200 to 350 nm. Corresponding absorbance contributions of
buffer and free cinnamic acid solutions were recorded and subtracted with
the same parameters. The results are expressed as mean residue ellipticity
(MRE) in deg cm2·dmol�1, which is defined as MRE�qobs(m deg)/(10�n�l�
Cp), where qobs is the CD in millidegree, n is the number of amino acid
residues (583), l is the path length of the cell and Cp is mole fraction. The 
a-helical content of BSA was calculated from the MRE value at 208 nm
using the equation a%helix�[(MRE208�4000)/(33000�4000)]�100.12) FI-
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Fig. 1. The Chemical Structure of Cinnamic Acid



IR measurements were carried out at room temperature on Perkin Elmer FT-
IR spectrometer (America) equipped with a germanium attenuated total re-
flection (ATR) accessory, a DTGS KBr detector and a KBr beam splitter. All
spectra were taken via the attenuated total reflection (ATR) method with res-
olution of 4 cm�1 and 60 scans. Spectra processing procedures: spectra of
buffer solution were collected under the same conditions. Then, the ab-
sorbance of buffer solution from the spectra of sample solution was sub-
tracted to get the FT-IR spectra of proteins. The subtraction criterion was
that the original spectrum of protein solution between 2200 and 1800 cm�1

was featureless.13)

For the quantitative analysis of the potential interaction between cinnamic
acid and BSA, the fluorometric titration was used. Quenching measurements
were taken in 3.0 ml solution containing 1.5�10�6 mol/l BSA, which was
titrated by successive additions of cinnamic acid solution (to get a final con-
centration of 1.95�10�5 mol/l), the fluorescence intensity was recorded (ex-
citation at 280 nm using slit widths 10/10 nm and emission at 344 nm). All
experiments were measured at three temperatures (296, 303, 310 K). The
data were analyzed by the Stern–Volmer equation to calculate the binding
constants.

Molecular Probe Experiments: A 3 ml solution of BSA with an appropri-
ate cinnamic acid concentration was titrated by successive additions of
ibuprofen, chlorphenamine maleate, bilirubin and ketoprofen solutions, re-
spectively. The fluorescence intensity was recorded (excitation at 280 nm
using slit widths 10/10 nm and emission at 344 nm) at 296 K. The data were
analyzed according to the method of Sudlow et al.

Results and Discussion
Interaction of Cinnamic Acid with BSA In order to en-

sure cinnamic acid binds to BSA, fluorescence quenching
spectra of BSA without and with cinnamic acid in pH 7.40
Tris–HCl buffer were carried out. The intrinsic fluorescence
intensity of BSA measured before and after addition of cin-
namic acid provides information about conformational
changes of BSA. The effect of the cinnamic acid on BSA and
the molecular environment in a vicinity of the chromophore
molecules can be embodied by fluorescence measurements.
Figure 2 shows the fluorescence emission spectra of BSA
with the addition of different concentrations of cinnamic
acid. It can be found that the fluorescence intensity of BSA
decreased regularly and the maximum fluorescence emission
wavelength had a slight blue-shift (from 344 to 341 nm) with
the increasing of cinnamic acid concentration. The results
showed that the binding of cinnamic acid is associated with
changes in the dielectric environment of at least one of the
two indole rings in BSA, suggesting after adding the solution
of cinnamic acid the chromophore was placed in a more hy-
drophobic environment.13)

The static quenching and dynamic quenching can be dis-
tinguished by the results at different temperatures. The
quenching rate constants are expected to decrease with in-
creasing temperature for the static quenching. In contrast, the
reversed effect was observed for the dynamic quenching.14)

The Stern–Volmer graphs at various temperatures are shown
in Fig. 3. It can be found that plots are linear and the slopes
decrease with increasing temperature. The results indicate
that the probable quenching mechanism of fluorescence of
BSA by cinnamic acid is a static quenching procedure, be-
cause Ksv is decreased with increase in temperature. In order
to confirm this view, we assumed the procedure was a dy-
namic quenching procedure. The quenching equation is:

(1)

Where F and F0 are the fluorescence intensity in the absence
and presence quencher, Kq, Ksv, t0 and [Q] are the quenching
rate constant of the biomolecule, the dynamic quenching
constant, the average lifetime of molecule without quencher
and concentration of quencher, respectively. And Ksv is also
can be written as Ksv�Kqt0 and Kq�Ksv/t0. So the quenching
constant and the dynamic quenching constant can be ob-
tained from the slope because the fluorescence lifetime of the
biopolymer is 10�8 s.15) The data and the correlation coeffi-
cients are listed in Table 1. The maximum scatter collision
quenching constant, Kq of various quenchers with the
biopolymer is 2.0�1010 l/mol/s.16) Thus, the rate constant of
protein quenching procedure initiated by cinnamic acid is
greater than the Kq of the scatter procedure. So, this shows
that the quenching is not initiated by dynamic collision but
from compound formation.17)

Further experiments were carried out with CD and FT-IR
technique to verify the binding of cinnamic acid to BSA. Fig-
ure 4 shows the CD spectra of BSA in the absence and pres-
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Fig. 2. Emission Spectra Excited at 280 nm (pH�7.40)

(a) 1.5�10�6 mol/l BSA; (b—h) 1.5�10�6 mol/l BSA in the presence of
1.5�10�6 mol/l, 4.5�10�6 mol/l, 7.5�10�6 mol/l, 10.5�10�6 mol/l, 13.5�10�6 mol/l,
15.5�10�6 mol/l, 18.5�10�6 mol/l cinnamic acid, respectively; (i) 7.5 �10�6 mol/l cin-
namic acid.

Fig. 3. The Stern–Volmer Curves for Quenching of Cinnamic Acid with
BSA

l ex�280 nm, l em�344 nm.

Table 1. The Dynamic Quenching Constants (l /mol) and Quenching Rate
Constants (l/mol/s) between Cinnamic Acid and BSA

Temperature Dynamic quenching constants Quenching rate constants
(K) (�104 l/mol) (�1012 l/mol/s)

296 3.270 3.270
303 2.827 2.827
310 2.262 2.262



ence cinnamic acid. It can be seen that the CD spectra of
BSA exhibited two negative bands in the ultraviolet region at
208 and 220 nm, which is characteristic of a-helical structure
of protein. The binding intensity of cinnamic acid to BSA
decreases both of these negative bands after adding cinnamic
acid solution, suggesting the helix structure content of BSA
has been changed. Otherwise, the CD spectra of BSA with-
out and with cinnamic acid are similar in shape, which indi-
cated that the structure of BSA after cinnamic acid binding
to BSA is predominantly a-helical. The a-helical content of
the protein changes from 67% content in native BSA to 55%
content (1 : 1) and 47% content (1 : 2) after cinnamic acid
binding to BSA, which is evidence that the binding of cin-
namic acid to BSA may cause some conformational changes.
That is, there is an interaction between the BSA and cin-
namic acid. That may be because the drug–BSA combination
caused the rearrangement of the protein polypeptide chain
and changes of the protein’s secondary structure.11)

Figure 5 was the FT-IR spectra of BSA in the absence and
presence of cinnamic acid. The FT-IR spectrum of free BSA
is shown in Fig. 5a, which was obtained by subtracting the
absorption of Tris–HCl buffer from the spectrum of protein
solution. Figure 5b shows the spectrum of BSA bound with
cinnamic acid, which was obtained by subtracting the spec-
trum of the cinnamic acid-free form from that of the cin-
namic acid-bound form. Hydrogen bonding and the coupling
between transition dipoles are the key factors in the most im-
portant factors governing conformational sensitivity of the
amide bands. The protein amide I band ca. 1653 cm�1

(mainly C�O stretch) and amide II band ca. 1548 cm�1

(C–N stretch coupled with N–H bending mode) both have a
relationship with the secondary structure of protein.18) As
shown in Fig. 5, there is the evident peak shift of amide II
from 1559.2 to 1573.4 cm�1 and the peak position of amide I
hasn’t changed, which indicate that the secondary structure
of BSA is perturbed after cinnamic acid was added. That is,
cinnamic acid had bound to BSA.

Binding Parameters For static quenching, fluorescence
quenching can be analyzed using modified Stern–Volmer
equation.19)

(2)

where F and F0 are the fluorescence intensities of BSA in the

presence and absence of quencher, respectively; K is the
Stern–Volmer quenching constant and [Q] is quencher con-
centration; f is the fraction of the initial fluorescence accessi-
ble to quencher. The plots of F0/(F0�F) versus 1/[Q] (Fig. 6)
yields 1/f as the intercept, and 1/(fK) as the slope. Table 2
shows the results of the quenching constant (K). It was found
that the quenching constant (K) decreased with the tempera-
tures increasing, which indicates the static quenching interac-
tion between cinnamic acid and BSA. The results can be in-
terpreted as the binding constant of the complexation reac-
tion because static quenching arises from the formation of a
dark complex between fluorophore and quencher.20)

Binding Mode and Binding Site In order to further
characterize the acting forces between cinnamic acid and
BSA, the thermodynamic parameters calculated from the
van’t Hoff equation were analyzed. The acting forces be-
tween a drug and a biomolecule may include hydrogen bond,
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Fig. 4. CD Spectra of the BSA–Cinnamic Acid System

(a) 1.5�10�6 mol/l BSA; (b) 1.5�10�6 mol/l BSA�1.5�10�6 mol/l cinnamic acid;
(c) 1.5�10�6 mol/l BSA�3.0�10�6 mol/l cinnamic acid. T�303 K, pH�7.40.

Fig. 5. FT-IR Spectra and Difference Spectra [(BSA Solution�Cinnamic
Acid Solution)�(BSA Solution)] of Free BSA (a) and Its Cinnamic Acid
Complexes (b) in Buffer Solution in the Region of 1800—1300 cm�1

[cinnamic acid]�1.2�10�4 mol/l, [BSA]�3.0�10�5 mol/l.

Fig. 6. The Binding Constant, K, of the BSA–Cinnamic Acid

l ex�280 nm, l em�342 nm, pH�7.40, CBSA�1.5�10�6 mol/l, Ccinnamic acid�5�10�7

to 1.95�10�5 mol/l) at 296 K (�); 303 K (�); 310 K (�).



van der Waals force, electrostatic force and hydrophobic in-
teraction force and so on.21) The thermodynamic parameters,
enthalpy (DH°), entropy (DS°) and free energy change
(DG°), play important roles in estimating the binding mode.
The reaction enthalpy change is regarded as a constant if the
temperature changes little. These data can be determined
from the van’t Hoff equation:

ln K��DH°/RT�DS°/R (3)

According to static quenching equation, the binding con-
stants (K) at three different temperatures (T) were obtained,
and the results were listed in Table 2. The values of DH° and
DS° can be calculated from the slope and intercept, and the
value of DG° can be obtained by the following relation:

DG°�DH°�TDS° (4)

Figure 7 is the Van’t Hoff plot for the interaction of BSA
and cinnamic acid and the values of DH°, DS° and DG° were
listed in Table 2. From it, it can be seen that the reaction of
BSA and cinnamic acid was an exothermic reaction accom-
panied with negative enthalpy (DH°) and positive entropy
(DS°) changes. And the binding process is spontaneous be-
cause of the negative free energy (DG°). For drug–protein in-
teraction, positive entropy is frequently taken as the evidence
for hydrophobic interaction, but it may also be a manifesta-
tion of electrostatic interaction.22) Furthermore cinnamic acid
is a negative ion, it is possible that the drug–protein complex
is form by electrostatic interactions between the ionic
species.

Trp-214 is located in subdomain IIA in BSA, being known
to bind a variety of ligands in its hydrophobic cavity.7,23) To
check the specificity of the drug binding, the displacement of
fluorescent probes measured by fluorescence titration was
also investigated in the presence of four binding site probes
for subdomains IIA (corresponding to Sudlow’s drug binding
site I) and IIIA (corresponding to Sudlow’s drug binding site
II).24) The displacement probes were bilirubin23) and ketopro-

fen25) for site I, ibuprofen23) and chlorphenamine maleate26)

for site II. The percentage of displacement of the probe was
determined according to the method of Sudlow et al.27)

probe displacement (%)�F2/F1�100 (5)

where F1 and F2 represent the fluorescence of cinnamic acid
plus BSA in the absence and presence of probe, respectively.

Figure 8 shows the changes in fluorescence of cinnamic
acid bound to BSA on the addition of several probes. The
relative fluorescence intensity significantly decreased after
the addition of Bilirubin and Ketoprofen, but when added
Ibuprofen and Chlorphenamine Maleate the fluorescence has
no obviously change, which indicates that Bilirubin and Ke-
toprofen can displace the cinnamic acid but Ibuprofen and
Chlorphenamine Maleate have little effect on the binding of
cinnamic acid to BSA. This means that cinnamic acid binds
to the site I of BSA.

The Energy Transfer between Cinnamic Acid and BSA
Fluorescence quenching studies proved that BSA could bind
with cinnamic acid and the energy transfer between cinnamic
acid and BSA occurred. The efficiency of energy transfer can
be used to evaluate the distance between the ligand and the
tryptophan residues in the protein. In this work, the effi-
ciency of energy transfer was investigated according to the
Förster energy transfer theory to calculate the distance be-
tween donor and accepter.28) The efficiency of energy trans-
fer, E, is described by the following equation:

E�1�F/F0�R0
6/(R0

6�r6) (6)

where r is the distance between donor and acceptor and R0 is
the distance at 50% transfer efficiency.

R0
6�8.8�10�25K2n�4FJ (7)

where K2 is the spatial orientation factor of the dipole and
K2�2/3 for random orientation as in fluid solution, n is the
refraction index for the medium, F is the fluorescence quan-
tum yield of the donor in the absence of the acceptor and J is
the overlap integral between the donor fluorescence emission
spectrum and the acceptor absorption spectrum. J can be
given by

J�∑ F(l)e(l)l4Dl /∑ F(l)Dl (8)

where F(l) is the fluorescence intensity of the fluorescence
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Table 2. Binding Constants and Thermodynamic Parameters for the Bind-
ing of Cinnamic Acid to BSA at pH�7.40

Temperature Binding parameters DG DS DH
(K) (�104 l/mol) (kJ/mol) (J/mol/K) (kJ/mol)

296 7.901 �27.713
303 6.443 �27.979 38.028 �16.457
310 5.846 �28.246

Fig. 7. Van’t Hoff Plot for the Interaction of BSA and Cinnamic Acid

pH�7.40, [BSA]�1.5�10�6 mol/l.

Fig. 8. Effect of Site Maker Probe on the Fluorescence of Cinnamic
Acid–BSA

The concentration of BSA and cinnamic acid were 1.5�10�6 mol/l and
7.5�10�6 mol/l; respectively. [Q]: �, chlorphenamine maleate; �, ibuprofen; �,
bilirubin; �, ketoprofen; pH�7.40; l ex�280 nm, l em�344 nm.



reagent of wavelength l , e(l) is the molar absorbance coeffi-
cient of the acceptor at the wavelength of l . From these rela-
tionships, J, E and R0 can be calculated; so r also can be cal-
culated.

Figure 9 showed the overlap of the UV absorption spec-
trum of cinnamic acid with the fluorescence emission spectra
of BSA. From Fig. 9, the overlap integral of the UV absorp-
tion spectrum of cinnamic acid and the fluorescence emis-
sion spectrum of BSA calculated according to the above rela-
tionship is 4.5087�10�16 cm3 l/mol. Using these present data
K2�2/3, n�1.36, F�0.15.29) So the value of R0 is 1.36 nm
and the value of r is 1.63 nm. The average distance r is less
than 8 nm, which indicates that the energy transfer from BSA
to cinnamic acid occurs with high probability.

The Effect of Common Ions on the Binding Constants
of Cinnamic Acid and BSA The effect of common ions
on the binding constants was investigated at 23 °C and the
adopted common ions concentration are all 10 times to the
concentration of BSA in order to keep enough common ions.
The results are summarized in Table 3. It is shown that the
binding constant between protein and drug was decreased be-
cause of the competition between common ions and drug, in-
dicating that the binding force between protein and drug also
decreased. Thus, the common ions shortening the storage
time of drug in blood plasma and enhancing the maximum
effectiveness of the drug.30)

Conclusion
In this paper, the interaction of cinnamic acid with BSA

under physiological condition has been studied by fluores-
cence methods in combination with FT-IR and CD tech-
niques. The results suggest that cinnamic acid can interact
with BSA strongly in site I mainly through the hydrophobic
interaction, which induce the changes of secondary struc-
tures of BSA.
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Table 3. The Effect of Common Ions on the Quenching Constants and the
Binding Parameters between Cinnamic Acid and BSA at 296 K

Common ions
Quenching rate constants Binding parameters

(�1012 l/mol/s) (�104 l/mol)

Co2� 1.378 1.054
Mg2� 1.587 1.885
Zn2� 1.721 1.016
Fe3� 1.240 1.136
Cu2� 1.797 3.790
Al3� 1.733 1.072
NH4

� 1.477 2.584
K� 1.488 5.117
Br� 1.651 1.858
I� 1.620 4.884Fig. 9. The Fluorescence Spectra and the Absorption Spectra of

BSA–Cinnamic Acid

The straight line: the fluorescence spectra of BSA; the point segment line: the ab-
sorbance spectra of cinnamic acid, [BSA]�1.5�10�6 mol/l; [cinnamic acid]�6.0�
10�6 mol/l, pH�7.40, T�296 K.


