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ABSTRACT: The study of protein−surfactant interactions is important because of
the widespread use of surfactants in industry, medicine, and pharmaceutical fields.
Sodium N-lauroylsarcosinate (SL-Sar) is a widely used surfactant in cosmetics,
shampoos. In this paper, we studied the interactions of bovine serum albumin (BSA)
with SL-Sar and sodium N-lauroylglycinate (SL-Gly) by use of a number of
techniques, including fluorescence and circular dichroism spectroscopy and isothermal
titration calorimetry. The binding strength of SL-Sar is stronger than that of
structurally similar SL-Gly, which differs only by the absence of a methyl group in the
amide nitrogen atom. Also, these two surfactants exhibit different binding patterns
with the BSA protein. The role of the amide bond and hence the surfactant headgroup
in the binding mechanism is discussed in this paper. It was observed that while SL-Sar
destabilized, SL-Gly stabilized the protein structure, even at concentrations less than
the critical micelle concentration (cmc) value. The thermodynamics of surfactant
binding to BSA was studied by use of ITC. From the ITC results, it is concluded that
three molecules of SL-Sar in contrast to only one molecule of SL-Gly bind to BSA in one set of binding sites at room
temperature. However, on increasing temperature four molecules of SL-Gly bind to the BSA through H-bonding and van der
Waals interactions, due to loosening of the BSA structure. In contrast, with SL-Sar the binding process is enthalpy driven, and
very little structural change of BSA was observed at higher temperature.

1. INTRODUCTION

Serum albumins (SAs) are the major (up to 40 g L−1)
constituent of blood plasma and not only play an important
role in maintaining the osmotic pressure of the blood
compartment1,2 but also they serve as transporter protein for
a variety of small molecules, including metabolites, endogenous
and exogenous molecules, hormones, drugs, etc.3−14 The SAs
are well known to bind free fatty acids (FFA) and are the major
vehicle for transport of fatty acids (FAs) in plasma.15,16 In fact,
the poor aqueous solubility of FAs is overcome by the presence
of SA in plasma. Under normal physiological condition, 1 mol
of human serum albumin (HSA) can carry around 0.1−2 mol
of FA.17 The FAs are also known to stabilize SA against
denaturation.16 It is now well established that the HSA has at
least seven binding sites of varying affinities for FA
molecules.16,18 All FAs bind at site I in the same orientation
with the carboxylate (−COO−) group H bonded to Arg-117.18

However, because of the complexity of the multiple binding
interactions the structure of the HSA-FA complex is poorly
understood. It has been found that long-chain FAs have a
greater affinity for HSA in comparison to medium-chain
FAs.19,20 The binding affinity for HSA was also observed to
increase with the increase of alkyl chain length of alkyl sulfate
detergents.21 On the basis of NMR studies of spin-labeled FA
analogues and detergents, it has been suggested that hydro-
phobic interactions are the dominant mechanism by which FAs
bind to the HSA.22−24 However, methyl esters of the spin-

labeled FA were observed to bind less tightly than the
corresponding −COO− anion,25 suggesting that electrostatic or
hydrogen-bonding (H-bonding) interactions involving the
carboxylate group also play a role in the FA binding to SA.
The general view is that although hydrophobic interactions
account for most of the binding energy, for large organic anions
such as fatty acids an interaction occurs between the anions and
certain positively charged residues, such as the ε-amino groups
of lysine in the protein.26 The role of electrostatic interaction is
demonstrated by the weak binding of nonionic surfactants to
the SA.27,28

The function of a protein generally depends upon its
structure, and surfactant molecules are known to alter its
structure and hence affect its functions including drug−protein
interactions29 and drug metabolizing enzyme activity.30 Because
of its relevance to the field of pharmaceutics protein−surfactant
interactions have been the subject of extensive studies.27,31−33

Most importantly, such studies can provide insight into the
solubilizing27,31 and renaturating34,35 action of the surfactant on
proteins. Bovine serum albumin (BSA) is one of the most
studied proteins among SAs because of its (i) structural
homology to the HSA, (ii) low cost, (iii) and high water
solubility and (iv) it is easily available in pure form. BSA is a
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heart-shaped protein consisting of 583 amino acid residues in a
single polypeptide chain and has a molecular weight of 66
kDa.36,37 It has three homologous domains (I, II, and III), each
of which is further divided into two subdomains (IA, IB, etc.).
The homologous domains are divided into nine loops by 17
disulfide bridges that make the heart-shaped structure of BSA
more rigid.38 As can be seen in Chart 1, BSA structure is

predominantly α-helical with the remaining polypeptide chain
occurring in turns and flexible regions between subdomains
with no β-sheets. Despite its structural homology to the HSA,
BSA has only 75.8% of the biological functions of the former
protein.38,39 Structural analysis has shown that site II of BSA is
similar to that of HSA. However, the site I of BSA (Chart 1a) is
occupied by the Leu-237 residue compared to the hollow site I
of HSA (Chart 1b). Therefore, it is expected that the Leu-237
residue in site I of BSA prevents the insertion of a hydrophobic
molecule.
The study of BSA−surfactant interaction40−43 in the bulk not

only is important in industry but also is very important in the
medical, cosmetic, and pharmaceutical fields. In fact, one of the
most extensively studied systems is a BSA/SDS system.44−49

SDS being a hard anionic surfactant causes skin irritation when
it comes in contact with human skin. The reason for this skin
irritation is the denaturation of the skin protein. Indeed, at a
high surfactant concentration, the 3-D native structure of most
globular proteins is destroyed, which is referred to as
denaturation.34,35,44,45,50−53 However, there are a few reports
which show that SDS protects or stabilizes the BSA or HSA
structure at very low concentrations from urea-54 and thermal-
induced55,56 denaturation. Like SDS the double-tailed anionic
surfactant, sodium bis(2-ethylhexyl) sulfosuccinate (AOT), at
low concentrations also prevents decrement of the helicity of
the HSA at higher temperatures, which establishes the
protective nature of the surfactant.57

Currently, surfactants containing amide group are frequently
used in industry. One of the commonly used surfactants is N-
lauroylsarcosinate (SL-Sar) (see Chart 2 for structure). It is
useful in making small-particle emulsions and suitable for
cosmetics.58 Also, it is used in toothpaste due to its good
foaming property. Thus, it is an important component in
making shampoos, bubble-bath pastes, washing creams,
aerosols, etc. Moreover, it is well known as a reducing agent,

corrosion inhibitor, wetting, and flooding agent.59,60 In the
amide-containing surfactant, the amide group can act as a
donor or an acceptor of H bonds. Indeed, amino acid-derived
surfactants present a readily accessed source of electrostatic, H-
bonding, and hydrophobic elements that are found in proteins.
It has been demonstrated that the amino acid-terminated gold
nanoparticles can effectively interact with positively charged
proteins.61 In a recent report62 it has been observed that the
morphology of the aggregate is different in N-lauroylglycinate
(SL-Gly) and SL-Sar in water. The effect of the amide group of
the amino acid-based surfactants in the aggregation process has
also been reported by our group.63−66 The only difference
between these two surfactants is that the amide nitrogen is
methylated in SL-Sar which converts the SL-Sar to an H-bond
acceptor, but the absence of the methyl group makes the SL-
Gly behave as both H acceptor and H donor. This means
stronger intermolecular H bonding is possible in SL-Gly than in
SL-Sar.
There are many reports where it is discussed that the binding

of surfactant with BSA occurs mainly via hydrophobic
interaction through the tail group and very little interaction
through the headgroup. Therefore, in this work, it is intended
to compare the mode as well as the efficiency of binding of SL-
Gly and SL-Sar surfactants to BSA with those of FAs with
comparable hydrocarbon chain length. Earlier studies reported
the effect of the hydrocarbon chain length of FAs and
detergents on protein−surfactant interaction.60 However, the
effect of the surfactant headgroup on its binding to proteins was
not investigated systematically. The primary objective of the
present study is to investigate the effect of the amide group in
the surfactant headgroup on its binding to BSA. The difference
in H-bonding ability of SL-Gly and SL-Sar is expected to alter
their binding properties. Therefore, we examined the binding of
SL-Sar and SL-Gly to BSA at concentrations much less than the
respective critical micelle concentration (cmc) and also at
different temperatures. In this investigation, we employed
various methods, including steady-state and time-resolved
fluorescence, circular dichroism (CD) spectroscopy, and
isothermal titration calorimetry (ITC) for monitoring the
BSA−surfactant interactions.

2. EXPERIMENTAL SECTION
2.1. Reagents. Lauroyl chloride and BSA were purchased

from Sigma-Aldrich (St. Louis, MO). Sodium N-lauroylsarco-
sinate (SL-Sar) was purchased from Fluka and recrystallized

Chart 1. Structure of (a) BSA (PDB 3V03) and (b) HSA
(PDB 1e7i)

Chart 2. Chemical Structure of SL-Gly and SL-Sar
Amphiphiles
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three times using ethanol/acetone (1:5 v/v) before use. Glycine
was purchased from SRL (Mumbai). Warfarin was purchased
from Chem Service (West Chester, PA), and ibuprofen was
purchased from Alfa Aesar (England). All organic solvents,
including tetrahydrofuran (THF), alcohol, acetone, and
trimethyl amine (TEA), were purchased locally and used after
purification and drying before use. Sodium N-lauroylglycinate
(SL-Gly) was synthesized and purified by the literature
reported method.67 A 20 mM phosphate buffer of pH 7.0
was prepared in milli Q water (∼18 MΩ), and all solutions
were prepared using this buffer.
2.2. Sample Preparation. For all measurements, 15 μM

(0.1%, w/v) BSA solutions in the buffer were prepared from the
stock (0.4%, w/v) of BSA. One millimolar stock solution of the
surfactants (SL-Sar and SL-Gly) was prepared in each case
(exception was mentioned), and required amounts were added
to the BSA solution to get the final solution. For warfarin, 5
mM stock was prepared in MeOH and then it was diluted to
10−4 M using buffer. Finally, a required amount of warfarin was
added to the BSA solution to maintain the final concentration
of 1.5 × 10−5 M. For ibuprofen, the same procedure is followed.
2.3. Surface Tension Measurements. The surface

tension (γ) was applied to determine cmc by an automated
surface tensiometer (model 3S, GBX, France) equipped with a
thermostable vessel holder using the Du Nuöy ring detachment
method. The temperature was maintained at 25 °C, and the
platinum−iridium ring was carefully cleaned with 50%
ethanol−HCl solution and finally with distilled water. The
instrument was calibrated by measuring the γ of Mili-Q water
(18.2 Ω). A stock solution of SL-Sar and SL-Gly was made in
phosphate buffers (20 mM) of pH 7. The solutions were
thoroughly mixed and allowed to equilibrate for 5 min before
measurement.
2.4. Steady-State Fluorescence Measurements. Steady-

state fluorescence measurements were carried out with a
PerkinElmer LS-55 luminescence spectrometer equipped with a
filter polarizer and a thermostats cell holder. The temperature
was controlled using a circulating bath (Thermo Neslab, RTE
7). BSA concentration was kept at 15 μM, and SL-Sar and SL-
Gly concentrations were varied. Phosphate buffer (20 mM) of
pH 7 was used for preparing all solutions. A stock solution of 1
mM of each surfactant was prepared, an aliquot of which was
used to make solutions of different concentrations. BSA
solutions were excited at 295 nm, and the spectrum was
recorded between 310 and 440 nm. The intensity was
measured at the emission maximum (350 nm).
2.4.1. Stern−Volmer Quenching Study. The fluorescence

quenching data were analyzed according to the Stern−Volmer
(S−V) equation68

τ= + = +−F F K k/ 1 [S] 1 [S]o S V q o (1)

where Fo and F are the fluorescence peak intensities (λ = 350
nm) of Trp in the absence and presence of surfactant (S),
respectively, [S] is the added surfactant concentration, kq is the
bimolecular quenching rate constant, τo is the average lifetime
of Trp in the absence of surfactant, and KS−V is the S−V
quenching constant.
2.4.2. Determination of BSA/Surfactant Binding Con-

stants. On the assumption that there are n similar and
independent binding sites69 for a surfactant molecule S, in
protein, P, the static quenching process can be represented as

+ ⇌nS P PSn (2)

=K
[PS ]

[S] [P]
n

nb
n

(3)

where [S] and [P] are the surfactant and protein concen-
trations, respectively, and [PSn] is the concentration of the
nonfluorescent fluorophore/quencher complex. Since fluores-
cence intensity is proportional to protein concentration one can
write

= F F[P]/[P] /o o (4)

= F F[P] [P] /o o (5)

= − −F F F[S] [S] ( )[P] /o o o o (6)

= −F F F[PS ] ( )[P] /n o o o (7)

where [P]o and[S]o are the total protein and surfactant
concentrations, respectively. Substituting eqs 9−11 in eq 7
gives

= − − −K F F F F F F{( )/ }{1/([S] ( )[P] / )}n n
b o o o o o (8)

Therefore

− =

− − −

F F F n K

n F F F

log{( )/ } log

log{1/([S] ( )[P] / )}
o b

o o o o
(9)

2.5. Time-Resolved Fluorescence Measurements. For
time-resolved fluorescence measurements, an Easy Life instru-
ment from Optical Building Blocks Corp. was employed to
measure the fluorescence lifetime of Trp residues of BSA. The
light source was a 295 nm diode laser. A 305 nm emission cut-
off filter was used to measure fluorescence signal. The time-
resolved decay curves, after deconvolution of the instrument
response function, were fitted to a biexponential function by an
iterative technique. The data fitted well to a biexponential decay
where the intensity is assumed to decay as the sum of individual
single-exponential decay

= +τ τ− −I t I a a( ) (0)[ e e ]t t
1

/
2

/1 2 (10)

Here, τ1and τ2 are the decay times and a1 and a2 are the
amplitudes of the components at t = 0. The goodness of fit was
evaluated by the reduced χ2 (0.8−1.2) and weighted residuals
as parameters. The average lifetime ⟨τf⟩ was calculated by use of
eq 268

τ τ τ= +f ff 1 1 2 2 (11)

where f1 and f 2 are the fractional contribution to the total
fluorescence intensity of the respective components. The BSA
concentration in these experiments was kept fixed at 15 μM,
and the SL-Gly and SL-Sar concentrations were both equal to
0.2 mM.

2.6. Circular Dichroism Spectra. A Jasco J-810
spectropolarimeter was used to measure the circular dichroism
(CD) spectra using quartz cells of 1 mm path length. For each
spectrum, an average of three scans was taken under the
conditions of 1 nm band width, 2 s response time, and 50 nm/
min scan speed. Each spectrum was baseline corrected using
the appropriate reference solution. All measurements were
carried out at 298 K. The spectrum was recorded in the range
of 190−260 nm. An accumulation of three scans with a speed
of 50 nm/min was performed, and data were collected. Now
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the CD results are expressed in terms of the mean residue
ellipticity (MRE) in deg cm2 dmol−1, which is defined as

θ= × × ×l C nMRE /(10 )obs (12)

where θobs is the circular dichroism in mdeg, l is the path length
(0.1 cm), C is the molar concentration, and n is the number of
amino acid residues (583). From the MRE value at 208 nm the
percentage of α-helix content can be calculated using the
following equation70

α‐ = − − −

×

helix(%) [( MRE 4000)/(33 000 4000)]

100
208

(13)

where MRE208 is the observed MRE at 208 nm, 4000 is the
value of β-form and random coil at 208 nm, and 33 000 is the
value of pure α-helix conformation at 208 nm.
2.7. Isothermal Titration Calorimetry. Isothermal

titration calorimetry (ITC) experiments were carried out in a
Microcal iTC200 (made in the United States) at 298 K.
Titration of surfactant against protein (BSA) was carried out by
injecting 0.5 mM SL-Sar, 1 mM SL-Gly, and the same
surfactant against phosphate buffer. BSA concentrations were
kept at 15 μM in each case. The total number of injections was
20, and the cell temperature was 298 K. Reference power and
initial delay were set to 5 and 60 s, respectively. A string speed
of 600 rpm and spacing of 120 s were used for the ITC
measurements.
The thermodynamic parameters for surfactant binding to

BSA were estimated using the following equations

Δ = −G RT Klno
b b (14)

Δ = Δ − ΔG H T So
b

o
b

o
b (15)

where Kb is the binding constant, ΔH°b is the standard enthalpy
of binding, ΔS°b is the standard entropy of binding, R is the gas
constant, and T is the absolute temperature.

3. RESULTS AND DISCUSSION
3.1. cmc of Surfactants. As the pKa of the corresponding

N-acyl amino acid is ≤3.49,71 both SL-Sar and SL-Gly exist in
the carboxylate form at pH 7 and thus are expected to behave
as anionic surfactant. The cmc values of SL-Sar and SL-Gly
surfactants were determined in phosphate buffer (20 mM, pH
7) by surface tension measurements. The plots of variation of
surface tension of phosphate buffer with the surfactant
concentration are shown in Figure S1, Supporting Information.
The concentration corresponding to the breakpoint in the plot
was taken as the cmc value of the surfactant. The cmc values
thus determined were 6.2 and 5.8 mM for SL-Sar and SL-Gly,
respectively. The cmc values are less than those obtained in
pure water,72 which is due to increased counterion (Na+)
concentration in the buffer medium.
3.2. Fluorescence Spectroscopy. BSA has two trypto-

phan (Trp) residues in BSA: one in subdomain IB (Trp-134)
and another in IIA (Trp-213). Trp-134 is located near the
surface, and Trp-213 is located in the hydrophobic pocket of
the protein (PDB 3V03)73 Intrinsic fluorescence of BSA is due
to these Trp residues. To examine whether the surfactant
molecules bind to the BSA, the Trp fluorescence was measured
in the presence of surfactant. The emission spectra of BSA in
the absence and presence of 0.2 mM SL-Sar and SL-Gly
surfactants are depicted in Figure 1. As seen BSA exhibits a
strong emission band at λmax = 350 nm when the excitation

wavelength is fixed at 295 nm. It is found that the λmax of the
fluorescence emission band is shifted from 350 to 336 nm
accompanied by a decrease of intensity upon surfactant
addition to BSA solution, indicating interaction of the
surfactant molecules with the protein. Similar spectral changes
were also reported for FA binding to BSA, and two different
processes were found to be responsible for the change of
fluorescence properties.74,75 It is well known that steady-state
fluorescence spectra monitored the local microenvironment
around the Trp residue. Since Trp fluorescence in nonpolar
medium appears at lower wavelengths, the 335 nm emission
can be associated with the Trp-213 residues buried in the
hydrophobic pocket. However, the fluorescence emission of
exposed Trp-134 appears at 350 nm due to solvent relaxation.
The spectral shift can be due either to selective fluorescence
quenching of the more solvent-exposed Trp-134 residue and/or
to a conformational change in the protein. Since the CD
spectral change as discussed below suggests a conformational
change of the BSA, the blue shift in the fluorescence spectrum
can be ascribed to the movement of the Trp-134 residue into
an environment that is more protected from the solvent. This
change, however, is secondary to structural changes associated
with the surfactant binding at sites near the Trp-213 residue.
The quenching of fluorescence can be associated with the
alteration in the state of ionization of a ε-amino group in the
protein, whereas the blue shift is attributed to the movement of
Trp-134 residue into a less polar environment.75 However,
earlier studies suggested that the alkyl chain of the bound FA is
located near Tyr residues, not the Trp residues.76 In fact, there
are numbers of strong FA binding sites located within 10 Å of
the buried Trp-213 residue. However, there is no direct
interaction of the alkyl chains bound at these sites with the Trp
residue. The conformational change of BSA accompanied by
surfactant binding to these sites alters the microenvironment of
the buried Trp-213 residue, leading to fluorescence quenching
as these strong binding sites are filled.
As shown in Figure S2, Supporting Information, the

progressive decrease of fluorescence intensity of the Trp
residue in the presence of surfactant may arise either as a result
of dynamic quenching or as a result of conformational change
in the protein induced by the surfactant binding (i.e., static
quenching). The fluorescence quenching data of Trp residues
were analyzed according to S−V eq 1. The S−V plots are
presented in Figure 2, and the KS−V values of different
surfactants are listed in Table 1. The KS−V value of SL-Gly is

Figure 1. Fluorescence spectra of BSA in phosphate buffer (20 mM,
pH 7) in the absence and presence of SL-Sar and SL-Gly surfactants
(0.2 mM).
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smaller than that of the SL-Sar surfactant, suggesting a stronger
interaction of the latter with BSA.
In order to estimate the values of kq, the bimolecular

quenching rate constant, we performed time-resolved fluo-
rescence measurements. BSA fluorescence was observed to
exhibit biexponential decay both in the absence and in the
presence of surfactant. The representative fluorescence decay
curves are shown in Figure S3, Supporting Information. The
relevant decay data are compiled in Table 3. From the lifetime
data of the Trp residue in BSA one can predict the degree of
exposure of Trp to the aqueous phase. When the Trp residue is
exposed to water its lifetime is greater than when it is in the
hydrophobic environment. The average fluorescence lifetime
(⟨τf⟩) of Trp in the absence of surfactant was taken as τo and
used to calculate kq (Table 1) from the respective KS−V value.
The data in Table 3 show that the τf value decreases when
surfactant is added to the protein solution. The reduction of the
τf value could be either due to dynamic quenching or a result of
the conformational change of the protein structure which leads
to a change of the microenvironment of Trp residues. The
possibility of dynamic quenching can be ruled out because for
both SL-Gly and SL-Sar; the quenching constants are on the
order of ∼1011 M−1 s−1, which is much higher than the
maximum limit (2 × 1010 M−1 s−1)77 of kq for a diffusion-
controlled bimolecular reaction. Therefore, the decrease of τf
value must be due to the conformational change of BSA
structure as a result of surfactant binding, which is also evident
from the change of the CD spectrum discussed below.
In support of the above conclusion, we also measured the

KSV at different temperatures for both BSA/SL-Sar and BSA/
SL-Gly systems. Figures S4 and S5, Supporting Information,
show the S−V plots of the BSA/SL-Sar and BSA/SL-Gly
systems at different temperatures. The relevant data are
collected in Table 2. It is observed from the data in Table 2
that the KSV value decreases with increasing temperature for
both systems. This suggests that the fluorescence quenching is
static in nature, and the respective KS−V value can be treated as
the apparent value of the association (or binding) constant

(Kb) of the surfactant. As the τf value of both Trp residues
decreases upon interaction with the surfactant, one can
conclude that the Trp-134 residue on the protein surface is
going to the more hydrophobic environment relative to that in
native BSA. However, simultaneous binding to the hydrophobic
pocket containing the Trp-213 residue cannot be ruled out.
Indeed, the decrease of fluorescence lifetime of both
components in the presence of surfactant indicates this. This
is further substantiated by the results of site-competitive
experiments described below.

3.3. Determination of Binding Site Using Site
Markers. The site marker experiment is a very useful technique
to determine the binding pocket of BSA. Warfarin is a site
marker and binds to BSA in subdomain IIA, which is the drug
binding site I. Since warfarin is a hydrophobic drug, when it
binds to BSA, its fluorescence intensity is enhanced relative to
that in water. However, the fluorescence intensity is gradually
quenched upon addition of SL-Gly (Figure S6, Supporting
Information) or SL-Sar (Figure S7, Supporting Information)
surfactant to the warfarin-bound BSA solution. When SL-Gly or
SL-Sar (0.2 mM) was added to the warfarin-bound BSA
solution, the warfarin fluorescence is almost completely
quenched to that observed in buffer (Figure 3). This site-
competitive experiment clearly suggests that both SL-Sar and
SL-Gly displace warfarin from the site I of BSA.
A similar experiment was also carried out using ibuprofen,

which is a site II binder of BSA in subdomain IIIA. In order to
determine whether SL-Gly and SL-Sar bind to Sudlow’s site II
or not, the ibuprofen-bound protein was titrated using both SL-
Gly and SL-Sar surfactants by monitoring Trp fluorescence in
phosphate buffer at room temperature. The S−V plots (Figure
4) were then constructed according to eq 5. The value of S−V
quenching constant (K′S−V) in the presence of ibuprofen was
determined from the slope of the respective S−V plot. The
K′S−V values thus obtained (Table 1) are 3.51 × 103 and 1.66 ×
103 M−1 for SL-Sar and SL-Gly, respectively, and can be taken
as the binding constants for site I. However, it is observed that
the K′S−V value is less than the corresponding KS−V value
(Table 1), which means the binding affinity of the surfactants to
site I of BSA is not independent of binding to site II. From this
we can conclude that both SL-Gly and SL-Sar bind to site I as
well as site II. This means both surfactants simultaneously bind
to subdomain IIA and subdomain IIIA of the protein.

3.4. BSA/Surfactant Binding Constants. According to eq
9, a plot of log[(Fo − F)/F] vs log{1/([S]o − [P]o(Fo − F)/
Fo)} should produce a straight line with slope n and intercept n
log Kb. The plots in Figure 5 show a good linear relationship

Figure 2. S−V plots of Fo/F vs [S] for (■) SL-Gly and (●) SL-Sar
surfactants (S) in phosphate buffer (20 mM, pH 7.0) at 298 K.

Table 1. Values of KS−V, kq, K′S−V, Kb, and n for the Binding of SL-Gly and SL-Sar with BSA in Phosphate Buffer (20 mM, pH 7)
at Room Temperature

KS−V × 10−3 M−1 kq × 10−11 M−1 s−1 K′S−V × 10−3 M−1 Kb × 10−3 M−1 n

SL-Sar 4.52 ± 0.11 8.69 ± 0.96 3.84 ± 0.16 5.62 ± 0.20 1.19 ± 0.06
SL-Gly 2.38 ± 0.12 4.58 ± 0.71 1.80 ± 0.05 2.51 ± 0.23 0.96 ± 0.10

Table 2. KS−V Values of SL-Gly and SL-Sar Measured in
Phosphate Buffer (20 mM, pH 7) at Different Temperatures

KS−V × 10−3 M−1

surfactant 293 K 298 K 303 K

SL-Sar 5.49 ± 0.14 4.52 ± 0.11 3.68 ± 0.14
SL-Gly 3.93 ± 0.14 2.38 ± 0.12 2.10 ± 0.08
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between log[(Fo − F)/F] and log{1/([S]o − [P]o(Fo − F)/
Fo)}. The binding constant was obtained from the intercept,
and the data are collected in Table 1. For both surfactants, the
value of n is found to be close to 1.0, indicating surfactant
binding to just a single binding site in BSA. Thus, the SL-Sar
and SL-Gly surfactants are most likely to bind to the
hydrophobic pocket in subdomain IIA where Trp-213 is
located. This is in contrast to FAs that are known to have at
least two binding sites (sites I and II) where they bind BSA
more tightly and a few nonspecific binding sites where binding
is weaker. Of the three homologous domains the surfactant
molecules bind only to the fatty acid binding sites I and II.
Therefore, the surfactant molecule might be bound to the BSA
in such a way that the hydrophobic tail is inserted into the
hydrophobic pocket of the subdomain IIA of BSA and the polar
carboxylate headgroup falls into the ibuprofen binding site in
the subdomain IIIA. This results in a decrease of micropolarity
of both Trp-213 and Trp-134 residues as manifested by the
blue-shifted fluorescence emission spectrum of BSA upon
surfactant binding. On the other hand, it is also possible that
the surfactant molecules bind to the hydrophobic pocket in
subdomain IIA, where Trp-213 is located and triggers a
conformational change of the protein structure which in turn
pushes the Trp-134 residue to a less polar environment. Indeed,
the conformational change of the protein is manifested by the
change in the CD spectrum of the native BSA upon surfactant
addition.78

The binding constants obtained for the BSA/surfactant
systems suggest low affinity binding compared to BSA/FA
complexes.16,79,80 However, their interactions are comparable
to other anionic surfactants, such as SDS (2 × 103 M−1).81 It is
interesting to note that the binding constant of \ SL-Sar is
almost double that of \ SL-Gly, which means the binding
efficiency of the former surfactant is higher than that of the
latter. The higher binding constant of \ SL-Sar can be easily
explained by considering the structure of the SL-Sar surfactant.
As the N-methyl group in the surfactant makes the headgroup
more hydrophobic and hence less hydrated, the binding of the
headgroup to \ site II is facilitated, thus increasing the value of
the binding constant. However, in the case of SL-Gly, the
unsubstituted amide linkage makes the headgroup more polar,
thus facilitating stronger interaction with bulk water, thereby
reducing its binding efficiency to site II. In fact, the binding
efficiency of both SL-Gly and SL-Sar is much less than the
corresponding fatty acid,79 which is much less soluble in water.

3.5. Conformational Changes upon Surfactant Bind-
ing. Circular dichroism (CD) is a powerful tool to determine
the protein secondary and tertiary structure. If the binding of
ligand to BSA is accompanied by conformational changes, it can
be easily monitored by CD spectra. The CD spectrum (Figure
6a and 6b) of BSA consists of two minima corresponding to the
π−π* and n−π* transition at 208 and 222 nm, respectively, due
to the helicity of the peptide chain. The CD spectra of BSA in
the presence different concentrations of SL-Gly (Figure 6a) and
SL-Sar (Figure 6b) were also measured. The change in the CD

Table 3. Fluorescence Lifetime (τ/ns), Average Lifetime (⟨τf⟩/ns), Fractional Intensity ( f), and Associated Parameters of BSA
and BSA/Surfactant Complex in Phosphate Buffer (20 mM, pH 7) at 298 K

substances τ1 τ2 f1 f 2 χ2 ⟨τf⟩

BSA 5.42 ± 0.10 2.32 ± 0.06 0.942 ± 0.004 0.0583 ± 0.002 1.068 5.2 ± 0.1
BSA/SL-Sar 3.88 ± 0.19 1.99 ± 0.06 0.866 ± 0.027 0.136 ± 0.026 1.077 3.6 ± 0.2
BSA/SL-Gly 3.97 ± 0.21 1.88 ± 0.11 0.890 ± 0.014 0.110 ± 0.013 0.925 3.7 ± 0.2

Figure 3. Fluorescence spectra of warfarin and warfarin-bound BSA in
buffer in the presence and absence of 0.2 mM surfactant: (a) BSA/
warfarin, (b) BSA/warfarin/SL-Gly, (c) BSA/warfarin/SL-Sar, and (d)
warfarin, λex = 325 nm.

Figure 4. S−V plots for the interactions of (■) SL-Gly and (●) SL-
Sar with ibuprofen-bound BSA in phosphate buffer (20 mM, pH 7) at
room temperature.

Figure 5. Plot of log[(Fo − F)/F] vs log{1/([S]o − [P]o(Fo − F)/Fo)}
for (■) SL-Gly and (●)SL-Sar surfactants in phosphate buffer (20
mm, pH 7.0) at 298 K.
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spectrum clearly suggests a conformational change of the
protein. It can be observed that despite the similar structure the
effect of surfactant binding is different with SL-Sar and SL-Gly.
It is observed that at very low concentrations, binding of SL-Sar
caused a slight decrease of the intensity of the CD band.
However, at higher surfactant concentrations (>5 mM) of the
SL-Sar the peak corresponding to 208 nm slowly disappears,
which means that the BSA denaturation starts before the cmc of
the SL-Sar. When the concentration of SL-Sar was increased to
12 mM it was found that the 208 nm peak disappeared, but
there was no shift of the peak at 222 nm, which corresponds to
β-sheet and random coil structure of the protein. In contrast,
with SL-Gly first stabilization occurs at low concentrations
(≤0.2 mM) as indicated by the increase of intensity of the CD
band, but upon further increase of concentration the BSA
structure is destabilized.
The CD spectra were analyzed using the CONTIN analysis

program obtained from dichroweb. The relevant data are listed
in Table S1, Supporting Information. Unfortunately, the
analysis failed to give reliable results as the CD spectra below
200 nm were noisy. Therefore, we calculated the percentage of
α-helix structure using eq 13. In the native state, α-helix
percentage is 43.07% (see Table 4), which is very close to those

reported by others.82 The α-helix percentage, however,
decreased to 37.81% upon addition of 0.2 mM SL-Sar,
indicating destabilization of the protein structure. In contrast,
upon addition of the same concentration of SL-Gly the α-helix
percentage increased to 58.33%, indicating stabilization of the
protein structure. Since both surfactants have similar chain
length, the opposite behavior can be attributed to the difference
in their headgroup structures. The presence of a methyl group
in the amide nitrogen increases the headgroup hydrophobicity
of SL-Sar compared to SL-Gly, leading to tighter binding to
BSA and hence destabilization of the protein structure.
3.6. Thermodynamics of Surfactant Binding. The

driving forces for binding of ligands to proteins usually involve
H-bonding, van der Waals, electrostatic, and/or hydrophobic
interactions. In order to understand the nature of interactions

between BSA and SL-Sar (or SL-Gly), thermodynamic
parameters were calculated from the data obtained from ITC
measurements. ITC measurement is one of the most sensitive
techniques that permits direct measurement of changes of the
thermodynamic parameters in the course of binding of
surfactant to protein. The binding process can be fully
understood by the contribution of enthalpy and entropy from
protein, ligand, and the solvent water.83 Here, 15 μM BSA was
titrated by 1 mM SL-Gly or 0.5 mM SL-Sar. Each injection
exhibits the exothermic nature of the binding. The binding
isotherms of SL-Sar and SL-Gly are shown in Figure 7a and 7b.
As can be seen from the plots, the two protein/surfactant
systems exhibit distinctly different heat change profiles. The
heat changes were fitted to isothermal functions in order to
quantify the corresponding thermodynamic parameters. For
both SL-Sar and SL-Gly the data can only be fitted to a mode of
a single set of identical binding sites. The binding constants
(Kb), enthalpy changes (ΔH°b), and binding stoichiometry (n)
were obtained from respective titration curves. The Gibbs free
energy changes (ΔG°b) and entropy changes (ΔS°b) were
calculated using eqs 14 and 15, respectively. The values of the
thermodynamic parameters for the protein/surfactant systems
are summarized in Table 5.
Examination of the thermodynamic data listed in Table 5

shows that ΔG°b values for both surfactants are negative, which
means complex formation with BSA for both surfactants is
spontaneous. The binding constant of SL-Sar is greater than
that of SL-Gly and consistent with the results obtained from
fluorescence studies. However, Kb values obtained from ITC
measurements are greater than the respective value obtained
from fluorescence measurements. The complexation of SL-Sar
as well as SL-Gly surfactant with BSA is exothermic. However,
in contrast to the results of fluorescence measurements, the
surfactants exhibit drastically different binding stoichiometry
with BSA, which depends on the headgroup structure. This
might be because of the fact that fluorescence is an indirect
method, whereas ITC is a direct method of binding studies.
From the enthalpic viewpoint, the formation of noncovalent
bonds is exothermic. For both surfactants, the major
contribution to ΔG°b comes from the ΔH°b term, suggesting
that the protein−surfactant interaction is electrostatic and/or H
bonding in nature. In the case of SL-Sar, the ΔH°b value
(−25.22 kJ mol−1) is slightly offset by the small positive ΔS°b
value (18.39 J K−1 mol−1), which means, electrostatic
interaction is the main driving force for stabilization of BSA/
SL-Sar complex. The enthalpy change in removal of water

Figure 6. CD spectra of BSA in the presence of different concentrations of (a) SL-Gly and (b) SL-Sar in phosphate buffer (20 mM, pH 7) at 298 K.

Table 4. Contents of α-Helix Structure in BSA and in BSA/
Surfactant Complexes in Phosphate Buffer (20 mM, pH 7) at
Room Temperature ([SL-Sar] = [SL-Gly] = 0.2 mM)

substance BSA BSA/SL-Sar BSA/SL-Gly

% of α-helix 43.07 ± 1.07 37.81 ± 2.17 58.33 ± 4.33
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molecules from the BSA cavity (which is negative in sign) and
destruction of the iceberg structure of the surfactant (which is
positive in sign) contributes to the net enthalpy change of the
BSA−SL-Sar interaction. Since the overall enthalpy change is
negative, the former value exceeds the latter value. The small
positive value of ΔS, on the other hand, indicates hydrophobic
interaction that stabilized the complex. The contributing factors
to the net entropy are (i) removal of water from the iceberg,
(ii) removal of water from the binding site of BSA, and (iii)
association of BSA with SL-Sar. As the former two
contributions are positive and that of the latter one is negative,
the former two contributions exceed the latter one, indicating
that SL-Sar binding is accompanied by removal of water from

the binding site. This means that the surfactant binding to BSA
is through the headgroup that binds electrostatically to site II as
well as through the tail that is inserted into the hydrophobic
cavity near the Trp-213 residue. According to the data
presented in Table 1, three molecules of SL-Sar bind to the
BSA. If the first molecule of SL-Sar binds to the hydrophobic
pocket then there must be two other sites elsewhere in BSA
where the other two molecules can bind. It is reported that the
fatty acids first bind to BSA in the high-affinity binding site I
and also to two other high-affinity binding sites.25

For SL-Gly also we observed a similar binding mechanism in
which the molecule binds to BSA through electrostatic and/or
H-bonding and van der Waals interactions. The negative ΔH

Figure 7. ITC plots of surfactant binding with BSA in phosphate buffer (20 mM, pH 7) at 298 K: (a) SL- Sar and (b) SL-Gly.

Table 5. Thermodynamic Parameters of BSA−Surfactant Interactions Obtained from ITC Measurements in Phosphate Buffer
(20 mM, pH 7) at 298 K

surfactant ΔH°b (kJ mol−1) ΔS°b (J K−1 mol−1) ΔG°b (kJ mol−1) Kb (M
−1) n

SL-Sar −25.22 ± 1.72 18.39 −30.70 2.28 × 105 ± 7.90 × 104 3.43 ± 0.16
SL-Gly −80.76 ± 3.64 −174.72 −28.69 1.02 × 105 ± 8.50 × 103 1.31 ± 0.05

Table 6. Binding Number (n), Enthalpy of Binding (ΔH°), Entropy of Binding (ΔS°), and Binding Constant (K) for the
Interaction of BSA with SL-Sar and BSA−SL-Gly in Phosphate Buffer (20 mM, pH 7) at Different Temperatures

surfactant 298 K 303 K 308 K

n 3.43 ± 0.16 3.28 ± 0.11 3.81 ± 0.22
SL-Sar ΔH° (kJ mol−1) −25.22 ± 1.72 −27.87 ± 1.33 −34.15 ± 3.31

ΔS° (J K−1 mol−1) 18.39 10.37 −17.43
K (M−1) 2.28 × 105 ± 7.90 × 104 2.12 × 105 ± 4.96 × 104 7.25 × 104 ± 2.17 × 104

SL-Gly ΔH1° (kJ mol
−1) −80.76 ± 3.64 −135.20 ± 10.87 −211.76 ± 54.18

ΔS1° (J K−1 mol−1) −174.72 −340.20 −588.00
K1 (M

−1) 1.02 × 105 ± 8.50 × 103 3.17 × 105 ± 1.2 × 105 1.29 × 105 ± 8.8 × 104

ΔH2° (kJ mol
−1) 86.39 ± 11.84 290.38 ± 162.54

ΔS2° (J K−1 mol−1) 397.74 1041.60
K2 (M

−1) 7.32 × 105 ± 5.3 × 105 1.63 × 105 ± 1.2 × 105

ΔH3° (kJ mol
−1) −93.32 ± 7.98 −151.45 ± 146.58

ΔS3° (J K−1 mol−1) −220.5 −380.94
K3 (M

−1) 3.49 × 104 ± 9.3 × 103 5.51 × 105 ± 5.3 × 105

ΔH4° (kJ mol
−1) −121.92 ± 23.18

ΔS4° (J K−1 mol−1) −309.12
K4 (M

−1) 3.27 × 104 ± 1.5 × 104
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value (−80.76 kJ mol−1) for the binding is found to be very
large compared to that for SL-Sar surfactant, suggesting
stronger H-bonding interaction in the case of SL-Gly. This is
expected as SL-Gly can act as H-bond donor as well as
acceptor. The ΔS value (−174.72 J K−1 mol−1) is also observed
to be very large and negative for the binding and can be
attributed to tighter association of SL-Gly with BSA. However,
the ΔH value overweighs the entropy gain due to release of
water molecules from the cavity and/or iceberg. Thus, it is
concluded that the amide bond in the surfactant headgroup
plays an important role in determining the binding mode of the
surfactant molecule.
3.7. Effect of Temperature on Binding of Surfactant.

To get better insight into the nature of binding of BSA−
surfactants we measured the thermodynamic parameters at
different temperatures (see Table 6). For SL-Sar the binding is
hydrophobic in nature, but weak H bonding seems to help in
forming the complex. Due to the presence of a methyl group in
the amide nitrogen the H-bonding ability of SL-Sar decreases.
The H bonding occurs through the −COO− group in SL-Sar.
When the temperature is slightly increased the H-bonding and
van der Waals interactions become more important for the
formation of the BSA/surfactant complexes. Indeed, the
increase of the negative ΔH° value suggests that for the
BSA/SL-Sar system the major driving force is not a H-bonding
but an electrostatic interaction. For SL-Sar, both the binding
constant (K) and ΔS decrease with increasing temperature,
which means the process is enthalpy driven. However, the ΔCP
value as obtained from the slope of the plot of ΔH° vs T
(Figure 8) for the BSA/SL-Sar system (− 760 J K−1 mol−1) is

negative, indicating that only a small structural change involving
burial of the hydrophobic groups of the protein occurs with the
increase of temperature.
On the other hand, for SL-Gly with increasing temperature

the association process changes from single-step binding to
sequential binding mode. Indeed, at 308 K the binding occurs
in four sequential steps with four different values of each of K
(K1, K2, K3, K4), ΔH° (ΔH°1, ΔH°2, ΔH°3, ΔH°4), and ΔS°
(ΔS°1, ΔS°2, ΔS°3, ΔS°4). At 298 K, the association process is
enthalpy driven and H bonding is the main driving force for
forming the complex, but with increasing temperature the H-
bonding interaction becomes more favorable as the values of
both ΔH° and ΔS° become more negative (see Table 6). With
increasing temperature loosening of BSA structure occurs,
which helps binding of more molecules of SL-Gly sequentially

with BSA. At temperatures of 303 and 308 K, SL-Gly shows
positive cooperativity, that is, after the binding of the first
molecule, the second and third molecule easily binds to BSA.
Interestingly, at 308 K, the binding constant of the forth
molecule is less than that of the third one, showing negative
cooperativity. However, for the BSA/SL-Gly system, the ΔCP
value is −11.21 kJ K−1 mol−1, which is quite large and indicates
burial of hydrophobic groups upon surfactant binding. This
means stabilization of the BSA structure upon surfactant
binding as also supported by the CD spectral data.
To further support the effect of temperature on the stability

of BSA−surfactant complex, we studied the temperature-
induced unfolding (see Figures S8 and S9, Supporting
Information) of BSA/surfactant complex of both surfactants
using CD spectroscopy. The Tm values obtained from the
respective titration curve show that the Tm value of pure BSA
(55 °C) is shifted to 70 °C in the presence of both SL-Gly and
SL-Sar. This means that both surfactants stabilize the BSA
structure. From Figure S9, Supporting Information, it is very
clear that initially due to the tighter binding of SL-Sar to BSA
the protein attains a partially unfolded structure which favors
simultaneous binding of the surfactant molecule in the two
domains (IIA and IIIA) of BSA, thereby making the protein
structure more rigid. Consequently, the Tm value is increased.

3.8. Effect of Ionic Strength on Binding of Surfactant.
At pH 7.0, the BSA molecule has a net charge of −18, which is
distributed as −10 in the domain I and −8 in domain II.12 The
value of the binding constant is expected to decrease with an
increase in the ionic strength. If the association of the surfactant
in the protein binding cavity involves electrostatic interactions
since the ions of salt will also compete for binding to the
charged residues. To test the role of electrostatic interaction in
the binding of the BSA−SL-Sar system we increased the ionic
strength of the solution by increasing the buffer concentration
from 5 to 50 mM. However, the plots in Figure 9 show that the

binding constant increases with increasing buffer concentration.
This means BSA−SL-Sar binding is mainly hydrophobic in
nature as already concluded from the thermodynamic binding
data. In the case of the BSA/SL-Sar system the binding
constant is linearly increased with the PBS concentration,
whereas in the case of the BSA/SL-Gly system a nonlinear
change of Kb is observed. This may be due to the higher
polarity of the Gly headgroup. Due to the presence of the
hydrophobic tail in SL-Gly the hydrophobic effect could not be

Figure 8. Plot of ΔH° vs temperature (T/K) for (■) SL-Gly and (●)
SL-Sar surfactants.

Figure 9. Plot of Kb vs [Buffer] for the interactions of BSA with SL-
Gly (■) and SL-Sar (●) surfactants in phosphate buffer (pH 7.0) at
298 K.
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neglected. Therefore, a combination of hydrophobic and polar
interactions is responsible for the binding of SL-Gly to BSA,
which is reflected by the Kb values shown in Figure 9.

4. CONCLUSIONS
In summary, we studied the interaction of sodium N-
lauroylsarcosinate (SL-Sar), a widely used surfactant in
cosmetics and shampoos, with bovine serum albumin (BSA),
and the results were compared with those of sodium N-
lauroylglycinate (SL-Gly). The effect of headgroup structure on
surfactant binding was investigated. Like fatty acids (FAs),
upon increasing the concentration of SL-Sar and SL-Gly both
surfactants were observed to quench protein fluorescence,
indicating binding of the surfactant molecules to the protein.
However, the nature of binding differs markedly from those of
FAs. For both SL-Sar and SL-Gly, the surfactant molecules
were observed to exhibit noncooperative binding as evidenced
by the lowering of the binding constant (Kb) and free energy of
binding (ΔGb°) values in comparison to FAs. In contrast to
FAs which have six binding sites in BSA, a set of three sites for
SL-Sar and only one binding site for SL-Gly were observed.
These surfactant molecules were observed to bind to the
warfarin binding site I located in the hydrophobic cleft between
two lobes of the protein structure as well as to the ibuprofen
binding site II. The binding to site I is hydrophobic in nature
for both surfactants. Interestingly, the binding to site II is
electrostatic for SL-Sar but tight H bonding in the case of SL-
Gly. However, the binding constant for SL-Sar is almost double
that of SL-Gly. Since the N-methyl group in the surfactant
makes the headgroup more hydrophobic and hence less
hydrated, the binding of the headgroup to site II is facilitated
as manifested by the higher value of the binding constant. Thus,
it is concluded that the amide bond in the surfactant headgroup
plays an important role in determining the binding mode of the
surfactant molecule, and consequently, the binding pattern is
different for SL-Sar and SL-Gly. Although the higher binding
affinity of SL-Sar causes initial unfolding of the protein, both
SL-Gly and SL-Sar exhibit stabilization of the BSA native
structure in the low concentration range.
It is interesting to note that upon increasing temperature

more molecules of SL-Gly bind to BSA through H-bonding and
van der Waals interactions, which means loosening of the BSA
structure at higher temperatures. The large negative ΔCP value
(− 11.21 kJ K−1 mol−1) of the BSA/SL-Gly system clearly
suggests a large change in the BSA structure involving burial of
the hydrophobic groups with the increase of temperature. In
contrast, with SL-Sar, both K and ΔS decrease with increasing
temperature, which means the process is enthalpy driven.
However, the ΔCP value for the BSA/SL-Sar system (− 760 J
K−1 mol−1) is much less negative compared to that of the BSA/
SL-Gly system, indicating only a small structural change of the
protein occurs upon binding of SL-Sar.
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