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INTRODUCTION

Proteins could bind many surfactants in vitro and in
vivo to form a protein-surfactant complex where the
hydrophobic moieties of the surfactant cause protein
unfolding by interacting with the nonpolar amino acid
residues[1-6]. Understanding their interaction mechanism
is not only of fundamental interest in life science, but of
practical importance in industrial application. For in-
stant, in the field of pharmaceutics, paints, adhesives
and oil recovery, protein function is significantly influ-
enced by the addition of surfactant[7-10]. And these in-
teraction mechanisms are important to understand the
action of surfactants as solubilizing agents to recover
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proteins from inclusion bodies and in the renaturation
of the proteins produced in the genetically engineered
cells via the artificial chaperone protocol[11-16].

Gemini surfactant molecule is a dimeric substance
composed of two identical amphiphilic moieties co-
valently linked by a spacer group at or near the ionic
headgroup[17]. Because of the hydrophobic and hydro-
philic properties of the amino acids, a protein exhibits
dualism that causes amphiphilic molecules to interact
with it. Ionic surfactants was chosen for the study of
protein-surfactant interactions for their application in the
area of membrane study[18, 19]. The interaction between
cationic surfactants and proteins was seldom reported
compared to the anionic surfactants since the ionic sur-
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ABSTRACT

The mechanism of the interaction between hexamethylene-1, 3-bis
(dodecyldimethylammonium bromide) (Gemini 12-6-12) and bovine serum
albumin was investigated by fluorescence spectroscopy. The results showed
that the fluorescence quenching of BSA by 12-6-12 was attribute to the
formation of the 12-6-12�BSA complex. Site marker competitive experiments

demonstrated that the binding of 12-6-12 to BSA primarily took place in site
I of BSA. The enthalpy change (ÄH) and entropy change (ÄS) were calcu-

lated to indicate that hydrophobic forces and hydrogen bond were the
dominant intermolecular force in stabilizing the complex. Steady-state fluo-
rescence indicates the strong interation between surfactant and BSA when
the concentration of 12-6-12 is higher than the critical micelle concentra-
tion. The effect of 12-6-12 on the conformation of BSA was also analyzed by
synchronous fluorescence spectrometry and TEM.
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factants bound to the oppositely charged sites of pro-
tein structure at the neutral pH values[20]. Herein, the
research of protein-gemini surfactants provides immense
information on the BSA-surfactant interaction process.

In this work, we investigate the interactions be-
tween bovine serum albumin (BSA) and cationic
gemini surfactant hexamethylene - 1, 3 - bis  (dodecyl
dimethylammonium bromide) (12-6-12). The molecu-
lar structure of gemini sufactant 12-6-12 was shown
in Figure 1. BSA usually functions as a carrier for fatty
acid in bloodand for conjugation in antibody produc-
tion. The primary structure of BSA consists of nine
loops held together by 17 disulfide bonds, which re-
sults in three domains each containing two sub-do-
mains or alternatively one small and two large loops[3,

21, 22]. These structures are important for molecules
combining to BSA. We have employed fluorescence
spectroscopy�based method and TEM measurements

in order to obtain information related to the binding
mechanisms between the surfactants and BSA such
as binding modes, binding constants, binding sites and
quenching rate constants.

The fluorescence emission spectra were measured
at 293, 298 and 303 K, respectively. An excitation
wavelength of 280 nm was chosen and the emission
wavelength was recorded from 290 to 450 nm.

Site marker competitive experiments

Binding location studies between 12-6-12 and BSA
in the presence of two sitemarkers (warfarin and
ibuprofen) were measured using the fluorescence titra-
tion methods. The concentrations of BSA and warfarin/
ibuprofen were all stabilized at 2.0×10-6 mol L-1. 12-6-
12 was then gradually added to the BSA�warfarin or

BSA�ibuprofen mixtures. An excitation wavelength of

280nm was selected and the fluorescence spectra were
recorded from 290�450 nm.

RESULTS AND DISCUSSION

Interactions between 12-6-12 and BSA

Figure 2 showed the fluorescence emission spectra
of BSA at different concentrations of 12-6-12. When
different amount 12-6-12 was titrated into a fixed con-
centration of BSA, the fluorescence intensity of BSA at
around 350 nm decreased regularly and the emission
peak was shift to shorter wavelength, which indicated
some change in the local dielectric environment of BSA.

Fluorescence quenching mechanisms are usually
classified as either dynamic or static quenching, which
can be distinguished by their different dependence on
temperature or viscosity, or preferably by lifetime mea-
surements[23, 24]. For static quenching, the quenching
constants decrease with the increased temperature,
while the reverse effect is observed for the case of dy-
namic quenching. In order to Figure out which mecha-
nism play a dominant role in the interaction, the fluores-
cence quenching process is firstly assumed to be a dy-
namic mechanism. For dynamic quenching, the decrease
in intensity is usually analyzed using the Stern�Volmer

equation[24]:

 0
01 [ ] 1 [ ]q SV

F
k Q K Q

F
    (1)

where F
0
 and F are the fluorescence intensities in

the absence and presence of the quencher, respectively;
K

SV
 is the Stern�Volmer quenching constant; [Q] is the

concentration of the quencher; ô
0
 is the average fluo-

Figure 1 : Molecular structure of Gemini surfactant 12-6-12

EXPERIMENTAL

Reagents

Gemini 12-6-12, BSA, warfarin and ibuprofen were
obtained from Hubei University, Wuhan Tianyuan Bio-
technology Co. Ltd. and Wuhan Kaibo Instruments Co.
Ltd., respectively. Pyrene (Py) (Alfa Aesar) was dis-
solved in methanol and the prepared concentration was
1.05×10-6 mol L-1. Chemicals were all of analytical grade
and doubly distilled water was used throughout the ex-
periment.

Fluorescence measurements

All fluorescence spectra were measured on an RF-
540 fluorophotometer (Tokyo, Japan) equipped with a
1.0 cm quartz cell and a thermostat bath. In a typical
fluorescence measurement, BSA(3.0 mL, 2.0×10-6 mol
L-1) was added into the quartz cell and then titrated by
various concentration of 12-6-12. Titrations operated
manually and mixed moderately.
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rescence lifetime of bimolecular and equal to 10-8 s[25];
k

q
, which is equal to K

SV
/ô

0
 is the apparent bimolecular

quenching rate constant. For dynamic quenching, the
maximum scattering collisional quenching constant of
various quenchers is 2.0×1010 L mol-1 s-1[26].

Figure 3 showed the influence about [F
0
/F-Q] at

different temperature, and TABLE 1 presented the cal-
culated K

SV
 and k

q
 at each temperature. The results

showed that the Stern�Volmer quenching constants K
SV

decreased with the increase of temperature and the val-
ues of k

q
 were much larger than 2.0×1010 L mol-1 s-1.

As a result, the probable quenching mechanism of the
intrinsic fluorescence of BSA was not initiated by a dy-
namic process, but resulted from a complex formation
between BSA and 12-6-12. Meanwhile, it was found
that the values of K

SV
 were all great; the reason might

be that the fluorescent quantum yield of BSA increased
or a strong binding existed between BSA and 12-6-
12[27].

Number of binding sites and identification of the
binding location of 12-6-12 on BSA

As discussed above, 12-6-12-induced fluores-
cence quenching of BSA was a static quenching pro-
cess. Florescence quenching data of BSA were ana-
lyzed to obtain various binding parameters. The bind-
ing constant (K

b
) and the number of binding sites (n)

can be calculated according to the equation[28]:

 0
log[ ] log log[ ]

F F
K n Q

F


  (2)

where F
0
 and F are the fluorescence intensity with-

out and with the ligand, respectively. Aplot of log [(F
0
 -

F)/F] vs. log [Q] gave a straight line using least squares
analysis whose slope was equal to n (binding sites) and
the intercept on Y-axis to log K (K equal to the binding
constant). From Eq.(5), the values of K and n at 293K
were obtained to be 5.531×104 L mol-1 and 0.9618
respectively, which implied that 12-6-12 bound strongly
to BSA and there was one independent class of binding
sites for 12-6-12 towards BSA. The linear coefficient
R (0.9976) indicated that the assumptions underlying
the derivation of Eq. (5) were satisfactory.

Crystal structure of BSA shows that BSA is a heart-
shaped helical monomer composed of three homolo-
gous domains named I�III, and each domain includes

two sub-domains called A and B to form a cylinder[29].
According to Refs.[30, 31], the principal regions of ligands
bound to BSA are usually located in hydrophobic cavi-

TABLE 1 : Stern�Volmer quenching constants for the inter-

action of 12-6-12 with BSA at different temeratures.

T(K) KSV(×104 Lmol?1) kq (×1012 Lmol?1 s?1) R 

293 8.9908 8.9908 0.9987 

298 2.3284 2.3284 0.9857 

303 1.4892 1.4892 0.9689 

Figure 2 : Emission spectra of BSA at different concentra-
tions of 12-6-12 (T = 293K and ë

ex 
= 280 nm). C

BSA
 = 2.0×10-

6 mol L-1; C
12-6-12

 =2×10-4 mol L-1, a�h: 0, 5, 10, 15, 20,25, 30,

35 ìL, respectively.

Figure 3 : Emission spectra of BSA with various concentra-
tions of 12-6-12 at different temperature C

BSA
 = 2.0×10-6 mol

L-1; C
12-6-12

 =2×10-4 mol L-1
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ties in sub-domains IIA and IIIA, and the binging cavi-
ties associated with sub-domains IIA and IIIA are also
referred to as sites I and II. As the data in the preceding
discussion did not allow us to give the precise binding
location of 12-6-12 on BSA, the sitemarker competi-
tive experiments were then carried out, using drugs
which specifically bind to a known site or region on
BSA. As described in the literature, warfarin has been
demonstrated to bind to the sub-domain IIA while
ibuprofen is considered as sub-domain IIIA binder[32].
By monitoring the changes in the fluorescence intensity
of 12-6-12 bound BSA that brought about by site I
(warfarin) and site II (ibuprofen) markers, information
about the specific binding site of 12-6-12 in BSA can
be gained.

In order to compare the effect of warfarin and
ibuprofen on the binding of 12-6-12 to BSA, the fluo-
rescence quenching data BSA with the presence of site
markers were also analyzed using the Stern�Volmer

equation, as shown in Figure 4. The binding constants
of the systems, which can be calculated from the slope
values of the plots, were listed in TABLE 2. Obviously,
the K values of the system with warfarin were almost
67.8% of that without warfarin, while the constants of
the systems with and without ibuprofen had nearly no
difference. It indicated that there was a significant com-
petition between 12-6-12 and warfarin, while ibuprofen
had neaely no influence on the binding of 12-6-12 to
BSA. The above experimental results and analysis dem-
onstrated that the binding of 12-6-12 to BSA mainly
located within site I (sub-domain IIA)

Determination of the force acting between 12-6-
12 and BSA

Essentially, the interaction forces between ligands
and biological macromolecules may include hydropho-
bic force, multiple hydrogen bond, Van der Waals force
and electrostatic interactions[33]. The signs and magni-
tudes of the thermodynamic parameters (ÄH and ÄS)
can account for the main forces involved in the binding
process. For this reason, the temperature-dependent
binding constantwas studied. The temperatures
chosenwere 293, 298 and 303K, thus BSA would not
undergo any structural degradation. If the enthalpy
change (ÄH) does not vary significantly in the tempera-
ture range studied, both the enthalpy change (ÄH) and
entropy change (ÄS) can be evaluated from the van�t
Hoff equation:

 
2 1 2

1

1 1
( )

ln( )
k T T H
k R



  (3)

k
1
 and k

2
 are the binding constant at different tem-

perature and R is the gas constant. The enthalpy change
(ÄH) could be calculated from the slope of the van�t
Hoff plot. The free energy change (ÄG) was then esti-
mated from the following relationship:

 G H T S     (4)

 lnG RT K   (5)
TABLE 3 shows the values of ÄH, ÄG and ÄS in

different temperature. As can be found from the values
of ÄH (-66.68 kJmol-1) and ÄS (136.79 Jmol-1 K-1,
293K) that the binding process was mainly driven by
the entropy change, the enthalpy change has little con-
tribution. The negative value of ÄG revealed the bind-
ing process was spontaneous. Ross and Subramanian[34]

have characterized the sign and magnitude of the ther-
modynamic parameter associated with various individual
kinds of interaction that may take place in protein asso-
ciation process. From the point of view of water struc-
ture, a positive ÄS value is frequently taken as evidence

Figure 4 : Stern�Volmer plots for the 12-6-12�BSA system

in the absence and presence of site markers (T = 293K)

TABLE 2 : The binding constants of competitive experiments
of 12-6-12�BSA system.

Site market Ka (×104 L mol?1) R 

Blank 5.3987 0.9978 

Ibuprofen 5.2211 0.9744 

Warfarin 1.7382 0.9928 
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for a hydrophobic interaction because the water mol-
ecules are arranged in an orderly fashion around the
surfactant and protein acquires a more random con-
figuration[35]. A negative ÄH value is frequently taken as
evidence for hydrogen bond in the binding interaction[36],
and from the structure of 12-6-12, H-bond can be
formed in the nitrogen atom. And the negative value of
ÄH (�66.68 kJmol-1) observed in this experiment can-
not be attributed to electrostatic interactions, since the
value of ÄH is very small[36]. Thus, from the thermody-
namic characteristics summarized above, hydrophobic
forces and hydrogen bond played major roles in the
12-6-12�BSA binding reaction and contributed to the

stability of the complex.

the fluorescence emission spectrum of pyrene at 374nm
in different concentration of quenchers, then the micelle
aggregation numbers can be analyzed according the fol-
lowing formula[39]:

 0

surfactant

[ ]
ln( )

I Q
N

I C cmc



(6)

TABLE 3 : The binding constant and relative thermodynamic
parameters of the 12-6-12�BSA system

T(K) K R 
ÄH(kJ 

mol?1) 

ÄG (kJ 

mol?1) 

ÄS(J 

mol?1 K?1) 

293 5.531×104 0.9976 -26.60 136.79 

298 3.494×104 0.9922 
-66.68 

-25.92 136.77 

Micropolarity and micelle aggregation numbers
(N)

After the research of the behavior of individual sur-
factant molecules�Cwe should discuss the interaction
between surfactant micelle and protein Pyrene has been
widely used as a probe of interactions between surfac-
tant and polymers[37, 38]. 10 ìl Py stock solutions were
added to the samples prepared by dilution of different
12-6-12 stock solutions. The typical emission spec-
trum of pyrene (ë

EX
=335 nm) has five peaks at 373,

379, 384, 390, and 397 nm, and the ratio of the first to
third vibronic peaks I

1
/I

3
 is used to detect the microen-

vironment of pyrene, being high in polar media and low
in hydrophobic environments. Figure 5 showed the plots
of I

1
/I

3
 for pyrene solubilized in different concentration

of surfactant. When the solution concentration of 12-
6-12 increased to a certain value, the curve abrupt
change, and this concentration is defined as critical mi-
celle concentration (cmc). The cmc value keeps almost
constant at about 6.15×10-4 mol L-1.

Turro had made the following assumptions: quench-
ing rate is much greater than the decay rate of the probe.
The fluorescence of all the probe would be quenched
which contains quenchers in the micelles. By measuring

TABLE 4 : The micelle aggregation numbers (N) of different
12-6-12-BSA system

 CBSA(mol L-1) N R 

12-6-12(5cmc) 0 molL-1 12.95 0.9985 

12-6-12(5cmc)+BSA 8.33×10
-7molL-1 10.96 0.9969 

12-6-12(5cmc)+BSA 1.67×10
-6molL-1 10.47 0.9991 

Figure 5 : Emission spectra of Py with various concentra-
tions of 12-6-12 (a) CPy: 1.05×10-6 molL-1; C12-6-

12£º0.0104 mol/L£»a-e£º0.1, 0.2, 0.3, 0.4, 0.5 (b) Depen-
dence of I1/I3 on 12-6-12 concentration
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where I
0375

 and I
375

 are the fluorescence intensity
without and with the quencher at 375 nm. [Q] is the
concentration of the quencher; C

surfactant
 is the concen-

tration of the surfactant; cmc is the critical micelle con-
centration of 12-6-12 at that condition. A plot of log [I

0

/ I] vs. [Q / C
surfactant

 - cmc] gave a straight line using
least squares analysis whose slope was equal to N. And
TABLE 4 showed the N value of 12-6-12 at fivefold
cmc with different concentration of BSA. The N value
of the Py/surfacant/BSA system is smaller than that of
Py/surfactant system, which indicated that the 12-6-12
could be transferred from the micelle by interacting with
BSA. The phenomena proved the strong binding be-
tween 12-6-12 and BSA.

Synchronous spectra

Synchronous fluorescence spectra of BSA were
shown in Figure 6. The fluorescence intensity of BSA
for Äë =60 nm is higher than that for Äë =20 nm, indi-
cating that the fluorescence peak at 347 nm should be
mainly contributed by tryptophan. On the other hand,
the fluorescence intensity of BSA decreased for Äë =60
nm and increases for Äë = 20 nm when 12-6-12 was
added. However, the decrease of the fluorescence in-
tensity for Äë =60 nm was much larger than the in-
crease for Äë =20 nm at the same concentration of 12-
6-12. Therefore, 12-6-12 mainly interacts with tryp-
tophan residues and this conclusion was also found in
12-6-12/BSA system

TEM micrographs of surfactants binding to BSA

Figure 7 exhibited the TEM images of 12-6-12
Gemini surfactants before and after binding to BSA.
Figure 7a shows the monomer of 12-6-12 is �spheri-

cal� molecule with diameter of 20 nm. The TEM of 12-

6-12/BSA nanocomposites showed that the ag-
gregation between 12-6-12 and BSA was formed with
diameter of 500 nm (Figure 7b).

CONCLUSIONS

The interaction mechanism between gemini surfac-
tant 12-6-12 and BSA was investigated using fluores-
cence spectroscopy�based method and TEM measure-

ments. The fluorescence of BSA was quenched with a
little blue shift indicating the formation of the

nanocomposite between gemini surfactant 12-6-12 and
BSA. The enthalpy change (ÄH) and entropy change

(ÄS) were calculated to indicate that hydrophobic forces
and hydrogen bond played major roles in the 12-6-
12�BSA binding reaction and contributed to the stabil-

ity of the complex Site marker competitive experiments
showed that 14-6-14 bound to the sub-domain II A of
BSA, which was the same as that of warfarin binding to
BSA. Steady-state fluorescence and TEM measure-
ments also can prove that strong binding between 12-
6-12 and BSA.

Figure 6 : Synchronous fluorescence spectrum of BSA: (A)
Äë=20nm; (B) Äë=60nm; c

BSA 
= 1.0×10-6 mol L-1, C

12-6-12
 (×10-

3 mol L-1), a�b: 0, 1.6mL respectively.
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Figure 7 : TEM micrographs of surfactants (a) before and (b)
after binding to BSA. C

12-6-12
=4.0×10-4mol L-1, C

BSA
=1.0×10-

6mol L-1.
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