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The interactions between bovine serum albumin (BSA) and two cleavable anionic surfactants, sodium 3-[(2-nonyl-1,3-dioxolan-
4-yl)methoxy]propane-1-sulfonate (SNPS) and sodium 3,3󸀠-(2-nonyl-1,3-dioxane-5,5-diyl)bis(methylene)bis(oxy)dipropane-1-
sulfonate (SNDPS), have been studied by means of fluorescence spectroscopy and thermodynamic analysis. The fluorescence
of BSA is quenched via a static quenching mechanism with the addition of the surfactants. The binding constants of the
surfactants and proteins have been measured, with 𝐾

𝐴
(SNPS) = 8.71 × 104 M−1 and 𝐾

𝐴
(SNDPS) = 7.08× 104 M−1, respectively.

The interaction between surfactants and BSA is mainly of hydrophobic nature, based on the number of binding sites, n[n(SNPS) =
1.57, n(SNDPS) = 1.47], and the thermodynamic relationship.These results suggest that SNPS and SNDPS could be effective protein
denaturants for protein separation and analysis.

1. Introduction

Protein is an integral part of life in organisms and can bind a
wide variety of ligands such as surfactants, drugs, toxicants,
and heavy metal ions [1–6]. Studies on the interactions
between surfactants and proteins would be beneficial for
understanding the occurence of surfactants acting as solubi-
lizing or denaturing agents for proteins [7, 8]. For example,
serum albumins are the most abundant proteins in blood
plasma and are the major soluble protein in the circulatory
system [9]. They play an important role in the transport of
endogenous and exogenous ligands in blood. Studying the
interaction between surfactants and serum albumins would
have a significant impact on the development of protein
separation and analysismethods as well as our understanding
of themetabolism of endogenous and exogenous ligands [10].

Traditionally, the single-chain surfactants, like cetyltri-
methyl ammonium bromide (CTAB) and sodium dodecyl
sulfate (SDS), have been widely used in proteomic research,
such as protein separation and analysis [11–14]. However, the
applications are sometimes complicated due to the formation
of foams and emulsions. This also encourages the interest in
researching the synthesis of simple and practical surfactants

and developing desirable methods in proteomic research.
Recently, protein-gemini surfactants interactions have been
developed because these surfactants have a low critical
micelle concentration (CMC), a low Krafft temperature, a
strong hydrophobic microdomain, and a superior viscous
behavior in comparison to the conventional single-chain
surfactants [15–18]. However, the complex synthesis and
purification procedures associated with these surfactants
often lead to expensive consumption which limits the appli-
cation of gemini surfactants in proteomic research. Other
surfactants—such as quaternary ammonium salts containing
pyridine ring [19] and nonionic surfactant polysorbate 20
(Tween-20) [20]—have also been explored. But these sur-
factants are hard to degrade and separate, and they usually
form foams and emulsions in solution, making them not so
“green” alternatives in proteomic analysis, especially when
separating proteins.The increase in environmental awareness
and economic concerns have led to the further consideration
of synthesizing highly efficient and green surfactants, which
can be used in protein research.

Cleavable surfactants are amphiphiles in which a weak
linkage has been deliberately inserted between the hydropho-
bic tail and the polar headgroup [21, 22]. These surfactants
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may degrade by chemical means including acid and alkali
[23–28], heat [29], light [30], and ozone [31]. Great atten-
tion has been drawn to probing the acid- and alkali-labile
surfactants due to their superior controllability and their
environmentally friendlier and potential industrial applica-
tion [22]. Acid- and alkali-labile surfactants are very stable
under a given set of conditions, usually under neutral pH,
but are cleaved when the pH changes. The decomposition
products are usually a series of small molecules, which could
avoid the formation of foams and emulsions and eliminate
the impact of surfactant with further separation and analysis.
Applied to protein research, cleavable surfactants can be
degraded after reaction with proteins and the decomposition
products do not need to be removed because they would not
interfere with postanalysis methods such as HPLC, MALDI-
MS, and LC/MS or protein separation methods such as two-
dimensional gel electrophoresis (2-DE) and chromatography.
Therefore, cleavable surfactants would simplify the protein
analysis and separation procedure in comparison to tradi-
tionally undecomposable surfactants.

Herein, we report the denaturation research of bovine
serum albumin (BSA) which is a common serum albumin
protein and has homology structure with human serum albu-
min (HSA), by employing acetal cleavable anionic surfactants
SNPS and SNDPS (Figure 1) using fluorescence spectroscopy
method.This study would give new alternatives in the field of
proteomic research.

2. Experimental

2.1. Instruments andMaterials. Bovine serum albumin (BSA)
was purchased fromTianjin Biochemical Products Company.
Phosphate buffered saline (PBS, pH 7.2) was purchased
from Gibco Invitrogen. Glycerol, pentaerythrite, decanal,
paratoluenesulfonic acid (p-TsOH), sodium hydride NaH,
and 1,3-propyl sultone were purchased from Sigma-Aldrich.
Other reagents and all organic solvents were purchased
from Tianjin Chemical Co. All chemical reagents were of
analytical grade and used as received. Organic solvents
were dried according to the standard procedures before
using. All reactions were run under magnetically stirred
and were monitored by thin-layer chromatography (TLC).
Flash chromatography (FC) was performed using silica gel
60 (200–300mesh). All the normalized fluorescence spectra
were recorded on a LS-55 Spectrofluorometer (Perkin-Elmer
Company) equippedwith a pulse xenon lamp. IR spectrawere
recorded on a Shimadzu 8400-S. Proton nuclear magnetic
resonance (1HNMR) spectra were recorded on a Brucker
DRX 300MHzNMR spectrometer.The critical micellar con-
centrations (CMC) of SNPS and SNDPS were determined at
20∘C using a DDSJ-308A conductivity meter purchased from
Shanghai Precision & Scientific Instrument Co., LTD.

2.2. Synthesis of SNPS and SNDPS. The anionic surfactants
(SNPS and SNDPS) were synthesized using the procedures
(Scheme 1) defined in the literature [24, 25].

2.2.1. Synthesis of Compound 1. Glycerol (4.42 g, 48mmol)
and 40mL benzene were placed in a 100mL, three-necked

flask equipped with an electromagnetic stirrer and an oil-
water separator combined with condenser and stirred at
60∘C for 20mins under N

2
protect. Then decanal (7.02 g,

45mmol) andp-TsOH(0.5 g, 2.5mmol)were carefully added.
The mixture was stirred at reflux temperature for 24 h. After
cooling, the mixture was washed with 2%NaHCO

3
solution

(100mL) three times and water (100mL) one time. The
organic phase was dried with MgSO

4
and concentrated and

purified by flash chromatography (𝑛-hexane : EtOAc = 1 : 1)
that afforded 7.80 g product as a white solid. Yield: 75.3%. mp
60–62∘C; IR (KBr, ]/cm−1): 3411, 2924, 2860, 1456, 1407, 1180,
1107, 1074, 929, 734, and 699; 1HNMR (300MHz, CDCl

3
): 𝛿

0.87 (t, 3H), 1.33 (m, 14H), 1.59 (m, 2H), 2.03 (s, 1 H), 3.60
(d, 2H), 3.84 (m, 2H), 4.16 (m, 1H), and 4.89 (t, 1 H).

2.2.2. Synthesis of Compound 2. Pentaerythrite (6.50 g,
48mmol) and 40mL DMF were placed in a 100mL, three-
necked flask equipped with an electromagnetic stirrer and
condenser and stirred at 60∘C for 20mins under N

2
pro-

tect. Then decanal (7.02 g, 45mmol) and p-TsOH (0.3 g,
1.5mmol) were carefully added. The mixture was stirred at
80∘C for 24 h. After cooling, the mixture was concentrated
by reduced pressure distillation. The crude product was
dissolved in 60mL EtOAc; the solution was then filtered to
remove insoluble substances.The filtrate was washed with 2%
NaHCO

3
solution (100mL) three times and water (100mL)

one time. The organic phase was dried with MgSO
4
and

concentrated and purified by recrystallization from 𝑛-hexace
to give product 4.22 g as a white solid. Yield: 34.2%. mp 89-
90∘C; IR (KBr, ]/cm−1): 3256, 2953, 2920, 2851, 1470, 1404,
1157, 1117, 1057, 999, 935, 721, and 690; 1HNMR (300MHz,
CDCl

3
): 𝛿 0.88 (t, 3H), 1.29–1.36 (m, 14H), 1.60 (m, 2H), 2.01

(s, 2H), 3.50 (m, 4H), 4.00 (q, 2H), 4.06 (q, 2H), and 4.43 (t,
1 H).

2.2.3. General Procedures for Synthesis of SNPS and SNDPS.
Compounds 1 or 2, benzene, and NaH were placed in a
100mL, three-necked flask equippedwith an electromagnetic
stirrer, and stirred at room temperature for 12 h under N

2

protect. Then 1,3-propyl sultone was added dropwise. The
mixture was stirred at reflux temperature for 24 h. After
cooling, the mixture was concentrated to obtain the crude
product. The crude product was purified by recrystallization
from mixture solvent of water and ethanol to give product.

(1) Synthesis of SNPS.Application of above procedure (recrys-
tallization from mixture solvent: water/ethanol = 4/1) to
compound 1 (7.80 g, 33.9mmol), NaH (1.00 g, 41.5mmol),
benzene (60mL), and 1,3-propyl sultone (5.00 g, 41.0mmol)
afforded compound SNPS (10.12 g, 79.7%) as a white solid. IR
(KBr, ]/cm−1): 2931, 2874, 1445, 1418, 1202, 1111, 1063, 924, 797,
735, 619, and 532; 1HNMR (300MHz, D

2
O): 𝛿 0.89 (t, 3H),

0.99–1.04 (m, 14H), 1.45 (m, 2H), 2.01 (m, 2H), 3.37–3.63 (m,
6H), 3.98 (m, 2H), 4.20 (m, 1H), and 4.69 (t, 1 H).

(2) Synthesis of SNDPS. Application of above procedure
(recrystallization from mixture solvent: water/ethanol = 1/1)
to compound 2 (4.22 g, 15.4mmol), NaH (1.00 g, 41.5mmol),
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Figure 1: The structures of SNPS and SNDPS.
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Scheme 1: Syntheses of anionic surfactants SNPS and SNDPS. (a) p-TsOH, benzene, reflux; (b) p-TsOH, DMF, 90–100∘C; (c) NaH, benzene;
1,3-propyl sultone, reflux.

benzene (35mL), and 1,3-propyl sultone (5.00 g, 41.0mmol)
afforded compound SNDPS (6.52 g, 75.4%) as a white solid.
IR (KBr, ]/cm−1): 2925, 2855, 1429, 1407, 1375, 1180, 1107, 1061,
883, 796, 617, 532; 1HNMR (300MHz, D

2
O): 𝛿 0.78 (t, 3H),

1.29–1.37 (m, 14H), 1.62 (m, 2H), 1.98–2.08 (m, 4H), 2.94–
3.20 (m, 4H), 3.32 (s, 2H), 3.57 (t, 2H), 3.67 (t, 2H), 3.71 (s,
2H), 3.77 (d, 2H), 3.96 (d, 2H), and 4.68 (t, 1 H).

2.3. The Critical Micellar Concentrations of Surfactants. The
conductivity 𝜎 of different concentrations of surfactants
water solution, ranging from 2× 10−5mol/L to 2× 10−2mol/L,
was measured by conductivity meter. From the plot of the
conductivity𝜎with respect to the surfactants’ concentrations,
the CMC was determined. Results showed the CMC of
SNPS and SNDPS that were 2.4 × 10−3M and 7.0 × 10−3M,
respectively, at 20∘C.

2.4. Hydrolysis of Surfactants. Hydrolysis studies of cleav-
able surfactants were performed in an acidic environment
(Scheme 2). Briefly, the surfactant sample (0.1mmol) was
placed in different concentrations of HCl solution (100mL),
ranging from 1 × 10−4mol/L to 1mol/L; then the mixture was
stirred at 40∘C. After a time, the solution was neutralized by
adding 0.1mol/LNaHCO

3
solution. Then the mixture was

extracted three times by using 25mL ether. The combined
organic phase was dried withMgSO

4
, concentrated, and then

checked by NMR tomake sure that the decomposition yields.
The results showed that SNPS and SNDPS were decomposed
completely when they were placed in 0.2mol/LHCl at 40∘C
for 10 h and 16 h, respectively.

2.5. Fluorescence Spectra of Denatured BSA. Typically, 0.5mL
of the 1× 10−4mol/L BSA solution and an appropriate amount
of the cleavable surfactants were transferred into a 5mL
volumetric flask, and the mixed solution was buffered with
PBS buffer (pH 7.2). The system was diluted to 5mL of final
volume with distilled water. After sitting aside for 30min at

20∘C, the solution was transferred into a 1 cm capped quartz
cell. Fluorescence spectra were acquired at an excitation
wavelength of 280 nm.

3. Results and Discussion

As it can be seen from Figures 2 and 3, the emission peak
of BSA appears at 350 nm, and its intensity underwent a
gradual decrease accompanied by a blue shift of the emission
spectra with the addition of the surfactants (curves 2–9 in
both figures).This fluorescence quenching of BSA is probably
due to the exposure of the tryptophan residues during the
denaturation process. It could be either the static and/or
the dynamic quenching [32]. Dynamic quenching, involving
either energy transfer or electron transfer, does not alter
protein structure and physiological activities, while static
quenching may change secondary structures and physio-
logical activities through the formation of a nonfluorescent
fluorophore-quencher complex.

To investigate the nature of the quenching process, the
fluorescence intensity in the presence of different concen-
trations of the quenchers was analyzed. Assuming that the
quenching is dynamic, the fluorescence intensity would
follow the Stern-Volmer equation (1):

𝐹
0

𝐹
= 1 + 𝐾sv [𝑄] = 1 + 𝜏0𝐾𝑞 [𝑄] , (1)

where 𝐹
0
is the fluorescence intensity in the absence of a

quencher; 𝐹 is the fluorescence intensity in the presence of a
quencher; [𝑄] is the quencher concentration; 𝜏

0
is the lifetime

of the fluorophore in the absence of the quencher; and 𝐾sv
is referred to as the Stern-Volmer constant, which can be
determined from the slope of the Stern-Volmer plot.

For the surfactant SNPS (Figure 4), 𝐾sv = 1.76 × 103M−1
when [SNPS] < 1.2 × 10−3M and 𝐾sv = 4.66 × 103M−1 when
[SNPS] > 1.2 × 10−3M. Generally, the average fluorescence
lifetime of biological macromolecule is 10−8 s [33]. Therefore,
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Scheme 2: Hydrolysis of anionic surfactants SNPS and SNDPS.
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Figure 2: Fluorescence (emission) spectra of BSA. Curves 1 to 9 are
for [SNPS] = 0, 0.1, 0.2, 0.4, 0.6, 0.8, 1.2, 1.6, and 2.0 × 10−3 mol⋅L−1,
respectively.
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Figure 3: Fluorescence (emission) spectra of BSA. Curves 1 to 9 are
for [SNDPS] = 0, 0.1, 0.2, 0.4, 0.6, 0.8, 1.2, 1.6, and 2.0 × 10−3 mol⋅L−1,
respectively.

the rate constant (𝐾
𝑞
) should be 1.76 × 1011M−1s−1, 4.66 ×

10
11M−1 s−1, respectively, according to (2). Similarly, for

SNDPS (Figure 5), 𝐾sv = 2.61 × 103M−1 when [SNDPS] <
1.2 × 10

−3M and𝐾sv = 8.39 × 103M−1 when [SNDPS] > 1.2 ×
10−3M. The respective value of 𝐾

𝑞
is 2.61 × 1011M−1 s−1 and

8.39× 1011M−1 s−1 for SNDPS. It is well known that the largest
rate constant of diffusive collision in the quenching process is
2.0×10

10M−1 s−1 [34].The values of𝐾
𝑞
of the two surfactants

(Table 1) for BSA were both larger than this number. It can be
concluded that the quenching is most likely a static process
rather than a dynamic one, and a BSA-surfactant complex is
probably formed during the interaction.

For the static fluorescence quenching process, the fluores-
cence intensity would follow the Lineweaver-Burk equation
(2),

log [
𝐹
0
− 𝐹

𝐹
] = log𝐾

𝐴
+ 𝑛 log [𝑄] . (2)

The values of 𝐾
𝐴

and 𝑛 could be obtained from the
log[(𝐹

0
− 𝐹)/𝐹] ∼ log[𝑄] plot. Using this analysis, the data

of𝐾
𝐴
and 𝑛 for both SNPS and SNDPS were listed in Table 1.

In the three-dimensional structure of BSA, there are
three domains and each domain consists of two subdomains.
Almost all the hydrophobic residues were found inside the
hydrophobic cylindrical troughs in these domains [35]. For
the formation of a BSA-surfactant complex, the following
thermodynamic equation (3) would apply:

Δ𝐺 = Δ𝐻 − 𝑇Δ𝑆 = −RTln (𝐾
𝐴
) . (3)

The temperature fluctuation during the interaction of
surfactants with BSA was very small (within 293.0 ± 0.1K)
and the change in enthalpy was assumed to be negligible
(Δ𝐻 ∼ 0).The change inGibbs energy (Δ𝐺) and entropy (Δ𝑆)
for the interaction between surfactants and BSAwere listed in
Table 1.

As shown in Table 1, both the binding constant𝐾
𝐴
(8.71×

10
4M−1) and the binding site number 𝑛 (1.57) of SNPS are

slightly greater than those of SNDPS (𝐾
𝐴
= 7.08 × 104M−1)

and (𝑛 = 1.47). The change in Gibbs energy (Δ𝐺) of SNPS
is more negative than that of SNDPS. This is probably due to
the smaller size of SNPS with only one anionic alkylsulfonic
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Table 1: Values of𝐾sv, 𝐾𝑞, 𝐾𝐴, 𝑛, and the thermodynamic data for the interaction of surfactants with BSA.

Surfactant 𝐾sv (10
3 M−1) 𝐾

𝑞
(1011 M−1 s−1) 𝐾

𝐴
(104 M−1) 𝑛 Δ𝐺 (Jmol−1) Δ𝑆 (Jmol−1 K−1)

SNPS 1.76; 4.66 1.76; 4.66 8.71 1.57 −3891.2 13.28
SNDPS 2.61; 8.39 2.61; 8.39 7.08 1.47 −3846.4 13.13
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Figure 4: Stern-Volmer plot for the fluorescence quenching of BSA
by SNPS.
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Figure 5: Stern-Volmer plot for the fluorescence quenching of BSA
by SNDPS.

group. It is easier for SNPS to enter the hydrophobic cavities
of BSA than SNDPS. Based on these data, we postulate that
the interaction of surfactants with BSA was probably driven
by the hydrophobic interaction.

4. Conclusions

In summary, the fluorescence quenching of SNPS and SNDPS
to BSA was found to follow the Stern-Volmer equation. The
binding constant𝐾

𝐴
, the binding site number 𝑛, and thermo-

dynamic data indicate that it is easier for BSA to bind to SNPS
with one anionic alkylsulfonic group than to bind to SNDPS
possessing two sulfonic groups. The binding between the

surfactants andBSAwas believed to arise from the interaction
of the surfactant with the hydrophobic cavity of BSA. BSA
can be completely denaturalized by less cleavable surfactants.
These results should be useful for the development of new
analysis or separationmethods in proteomic research. Studies
on further applications of SNPS and SNDPS as cleavable
anionic surfactants in the separation and analysis of proteins
are currently underway in our laboratory.
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