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Abstract. The denaturation of human serum albumin (HSA) upon interaction with the surfactant sodium
dodecyl sulphate (SDS) was examined by measuring the diffusion time of ﬂuorophore (RITC) tagged HSA
under near single-molecule conditions using ﬂuorescence correlation spectroscopy. The diffusion time shows
four distinct regions as a function of SDS concentration, which corresponds to (I) opening of the tertiary
structure, (II) non-speciﬁc SDS aggregation, (III) opening of the secondary structure, and (IV) aggregation of
SDS around the secondary structure. Diffusion time increases from 383 ls for the free protein to 1002 ls for
the SDS bound protein, which leads to an effective increase in the hydrodynamic radius by a factor of about
2.6.

1. Introduction
Interactions of proteins with surfactants have been
extensively investigated1–21 because of their importance in a variety of processes, which include foods
and cosmetics,2 drug delivery,2 detergents,2 and several biotechnological processes.2 The interaction
between ionic surfactants, such as sodium dodecyl
sulphate (SDS) and two structurally similar, watersoluble serum albumins such as bovine serum albumin
(BSA)/human serum albumin (HSA) are often used as
models to understand the protein-surfactant interaction.1–12 The HSA is a single polypeptide chain
comprising 585 amino acid residues.22 The secondary
structure of HSA consists of a-helical regions and
regions with chaotic packing, while the tertiary
structure consists of three almost identical domains
connected assembled with unique loop packing.23 The
interaction of surfactants on HSA has been reported
earlier and the changes were monitored using intrinsic
ﬂuorescence of Trp214 (domain II).6,7 The

ﬂuorescence spectral studies, both in time and energy
domain, reveal that interaction of SDS with HSA is
SDS concentration dependent.6–8
Fluorescence quenching studies of Trp 214 shows
four distinct stages of SDS-HSA binding.4,9 In the ﬁrst
stage tertiary structure of the protein starts opening up
due to speciﬁc binding between protein and surfactant.
This is followed by a non-cooperative binding stage
with almost no change in protein structure. In the third
phase, once again cooperative binding takes place
which opens up the secondary structure of the protein.
Further addition of surfactant leads to the formation of
protein-bound micelles, popularly known as necklacebead structure. Interaction of surfactants (SDS and
others) with HSA and BSA have also been investigated using several extrinsic ﬂuorescent probes.9–16
Further, polarity sensitive extrinsic ﬂuorescent probes,
such as 3-(dimethylamino)-8,9,10,11-tetrahydro-7Hcyclohepta[a]naphthalen-7-one
and
7-(dimethylamino)-2,3-dihydrophenanthren-4(1H)-one, were utilized to understand the changes in the polarity and
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hydrogen bonding environment due to binding of SDS
(0-8 mM) to HSA.24 Apart from ﬂuorescence spectroscopy, the interaction between SDS and BSA/HSA
has also been investigated using isothermal titration
calorimetry and several other methods such as smallangle X-ray and neutron scattering, static and dynamic
light scatting, circular dichroism and NMR.11,18–21 All
of these ensemble level investigations reveal that the
addition of SDS leads to the stepwise uncoiling of
HSA takes place and represents the behaviour of different molecules. On the other hand, the thermal and
chemical unfolding of the HSA was reported using
ﬂuorescence correlation spectroscopy.25 A question
that arises at this point, is whether or not the near
single-molecule measurements are in accord with the
ensemble measurements. Therefore, to obtain molecular-level insight into the binding of SDS with HSA
and consequent SDS concentration-dependent structural changes, we have carried out these binding
studies using ﬂuorescence correlation spectroscopic
(FCS) technique which has near single-molecule
sensitivity.
2. Experimental
FCS is a technique with which analyses the ﬂuctuations in ﬂuorescence intensity within a tiny volume in
the order of a few femtoliters.27,28 The ﬂuorescence
signal varies due to the changes in the number or
brightness of the ﬂuorophores inside the detection
volume, which can be inﬂuenced by diffusion/transport in and out of the detection volume, and other
photochemical and photophysical processes.29–42 As a
result, FCS can be used to study various parameters
like diffusion coefﬁcient, ﬂuorophore concentration,
particle size, chemical reactions, conformational
changes, binding/unbinding processes, and several
others. FCS studies were carried out using a homebuilt FCS setup. Brieﬂy, the sample was illuminated
by 532 nm DPSS laser (Shanghai Dream Lasers
Technologies Co. Ltd.). The excitation light was
expanded and reﬂected with a 532 nm dichroic mirror
and then made to overﬁll the back focal plane of the
objective lens (OLYMPUS 60X, 1.2 NA, water
immersion). The objective lens focuses the light on the
sample placed over a stage and the emitted light from
the sample is collected by the same objective lens. The
emitted light passes through the 532 nm dichroic
mirror and an emission ﬁlter and is focussed on to a
pinhole with a concavo-convex achromatic lens (Thor
Labs), which enables light collection in a confocal
geometry. A ﬁber optic cable is used to collect the
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light from the pinhole which is then relayed to an APD
detector (Perkin Elmer). Signal from APD was fed into
the correlator card (Model No. FLEX 99 OEM-12D;
www.correlator.com) to generate autocorrelation,
which is acquired by a program written in LabView.
The ﬂuctuations in the ﬂuorescence intensity can be
analysed using an autocorrelation function, GðtÞ
GðtÞ ¼

hdFðt þ sÞdFðtÞi

ð1Þ

hFðtÞi2

This equation measures how the average correlation
between the ﬂuorescence intensity FðtÞ at two-time
points t and ðt þ sÞ, which falls off as the time interval
s between the two points increases. For normal
Brownian diffusion, these intensity autocorrelation
curves can be ﬁtted to equation (2) to obtain the diffusion time ðsD Þ
2
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Here r is transverse radius and l is the longitudinal
radius of the ellipsoidal focal volume. From equation (2)
it can be realized that G0 ¼ 1=N. Autocorrelation
function can also have multiple components, indicating
that different processes contribute to the ﬂuorescence
signal ﬂuctuation. In such cases, a multi-component
ﬁtting equation can be used, and the corresponding
equation for a two-component model would be,
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In the case of multi-component systems fraction,
different species present in the solution contribute
to the observed G value with G1 ¼ 1=N1 and
G2 ¼ 1=N2 . When all the contributing species have
the same brightness then the sum of all the fractions
is equal to unity, however, if different species differ
in their brightness then the addition of all fractions
can be greater than unity.43 The value of the
parameter r=l (ratio of transverse to the longitudinal
radius of focal volume) obtained is very small and
hence the square of it is negligible and is kept zero
for all ﬁttings.
The FCS setup was calibrated using Rhodamine 6G
in water at 298 K. The autocorrelation is ﬁtted to
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obtain diffusion time ðsD Þ, and the diffusion coefﬁcient was obtained using equation (2).35
r2 ¼ 4DsD

109

(A)

ð4Þ

Diffusion coefﬁcient 285 lm2 s-1 was obtained by
the normal Brownian diffusion by ﬁtting to equation
(4), which is in excellent agreement with the value
(300 lm2 s-1) reported earlier.44
Fatty acid-free HSA (Sigma-Aldrich) was tagged
with RITC (Sigma-Aldrich). For tagging, HSA solution was prepared in pH 8.4 buffer and RITC solution
was prepared in spectroscopic grade methanol. Both
solutions were mixed with protein: dye concentration
4:1 and stirred for 6 h at room temperature. This
solution was directly used for further dilutions. The
ﬁnal concentration of RITC was around 5 nM and that
of protein was around 25 nM. SDS (Sigma-Aldrich)
Rhodamine 6G (Rh6G; Radiant dyes, Germany) were
used as obtained without further puriﬁcation. For each
set of experiments, ﬁve different sets of solutions were
prepared and a minimum of three autocorrelations
curves are recorded for each solution.

(B)

3. Results and Discussion
The autocorrelation traces for RITC and RITC tagged
HSA are shown in Figure 1. The autocorrelation curve
of RITC could be ﬁtted to a single component diffusion model with a diffusion time of 56 ls. The autocorrelation trace for the RITC tagged HSA was ﬁtted
to a two-component model with sD of the ﬁrst component ﬁxed at 56 ls. This is essential because the
unreacted RITC was not dialyzed out from the RITC
tagged to HSA. The two-component ﬁtting leads to sD
of 383 ls for the (tagged) HSA. The residuals for the
ﬁts are shown in Figure S1 (Supplementary Information). The sD of 383 ls for HSA corresponds to a
hydrodynamic radius of 3.2 nm, which is in very good
agreement with the reported value of 3.3-4.1 nm.45,46
The FCS autocorrelation curves were recorded for
the RITC tagged HSA with an increase in the concentration of SDS and Figure 2A shows some representative examples. These autocorrelation curves were
analysed using a two-component diffusion model
(equation 3) with one component corresponding to
unreacted RITC (with HSA) and the second being
HSA tagged RITC. Table 1 lists the ﬁtting parameters
and the ﬁtting residuals for three representative plots
are shown in Figure S2 (Supplementary Information).
However, it must be pointed out that the diffusion time
the sD1 (Column 2 of Table 1) corresponds to the
average diffusion behaviour of the unreacted RITC

Figure 1. Normalized FCS autocorrelation curve for
(A) RITC in water (red open circles) and the red solid line
is the single component (equation 2) ﬁt to the data points.
(B) RITC tagged HSA (green open squares) and the black
and the green solid lines are single (equation 2) and two
(equation 3) component ﬁts to the data points. Notice that
for RITC tagged HSA, a two-component (equation 3)
analysis ﬁts the data more accurately, and are visible in
the early part of the autocorrelation curve. The residuals for
the single and two-component ﬁts are given in Figure S1
(Supplementary Information).

and will comprise of individual components of free
dye, and its interaction with SDS and protein through
non-speciﬁc aggregations. It can be seen from Table 1
that an increase in the SDS concentration (0-400 mM)
leads to an increase in diffusion time of both the
unreacted RITC (from 56-293 ls) and RITC tagged
HSA (383-1002 ls).
In order to understand the trends in the variation of
sD of HSA in the presence of SDS, two sets of control
experiments were also carried out. In the ﬁrst set of
control experiments, the Rh6G dye was used as a
ﬂuorescent tracer for monitoring the aggregation of
SDS in the concentration range of 0-400 mM and
Figure 2B depicts some representative examples. The
FCS autocorrelation curves, in this case, were analysed using two-component model, one each
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Figure 2. Normalized FCS autocorrelation curves at various SDS concentrations for (A) RITC tagged HSA, (B) Rh6G
dye, and (C) mixture of HSA and Rh6G. The SDS concentrations used were 6 mM (below CMC), 8 mM (just above CMC)
and 150 mM (much higher than CMC). In all the three cases the autocorrelation curve was ﬁtted to a two-component
diffusion model (equation 3). Notice the increase in the diffusion time ðsD Þ with an increase in SDS concentration. The
residuals for the single and two-component ﬁts are given in Figure S2 (see the SI).
Table 1. Autocorrelation coefﬁcients (G1 and G2) and
diffusion times (sD , sD1 and sD2 in ls) for RITC tagged
HSA, mixture of Rh6G dye and HSA, and Rh6G dye as a
function of SDS concentration. The autocorrelation curves
RITC tagged HSA
[SDS]
0
1
2
4
6
8
10
12
16
20
25
50
100
150
200
300
400

were analysed using a two-component model for RITC
tagged HSA and mixture of Rh6G dye and HSA, while a
single component model was used for Rh6G dye.
Rh6G ? HSA (25 nM)

Rh6G

G1

sD1

G1

sD2

sD

G1

sD1

G2

sD2

sD

G1

sD1

G2

sD2

0.30
0.31
0.30
0.32
0.30
0.30
0.29
0.27
0.30
0.28
0.29
0.28
0.27
0.28
0.27
0.27
0.27

56
75
85
115
135
150
175
185
190
200
220
235
240
250
275
280
296

0.74
0.72
0.73
0.72
0.74
0.74
0.72
0.72
0.73
0.72
0.73
0.72
0.72
0.73
0.72
0.73
0.72

383
445
482
522
590
619
620
626
630
687
739
837
905
962
1002
1005
1002

56
59
68
176
213
240
242
247
250
262
267
275
285
299
310
317
325

0.46
0.50
0.49
0.35
0.14
0.12
0.08
0.10
0.04
-

56
56
56
56
56
56
56
56
56
-

0.68
0.56
0.60
0.72
0.90
0.94
0.97
0.98
0.99
-

70
88
214
245
282
285
286
285
301
-

63
64
69
114
249
270
272
281
283
288
288
328
362
394
428
445
460

0.57
0.58
0.40
0.29
0.12
0.13
0.11
0.10
-

56
56
56
56
56
56
56
56
-

0.58
0.65
0.70
0.77
0.91
0.92
0.92
0.92
-

72
80
279
306
312
316
335
331
-

corresponding to the free42 and SDS bound Rh6G dye,
However, it was observed that beyond 20 mM SDS
concentration free Rh6G dye does not exist in the
medium (Columns 7-10, Table 1) and the Rh6G is
bound to the microstructures of SDS. Therefore, a
single component analysis leads to the average diffusion behaviour of the Rh6G dye in the presence of
SDS, and the corresponding diffusion times are listed
in Table 1 (Column 6), which is similar to unreacted
RITC. The second set of control experiments involved
the mixture of HSA (25 nM) with varying

concentrations of SDS (0-400 mM) wherein Rh6G dye
was once again used as a ﬂuorescent tracer. The FCS
autocorrelation curves analysed using two-component
model indicates that beyond 12 mM concentration of
SDS, free Rh6G dye is unavailable in the milieu
(Columns 12-15, Table 1), therefore once again the
average diffusion behaviour of Rh6G dye was estimated using a single component ﬁtting, similar to the
other two cases and the resulting diffusion time are
listed in Table 1 (Column 11). The diffusion time
behaviour of three sets of experiments as a function of
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SDS concentration are plotted in Figure 3. In the ﬁrst
set of control experiments, the variation in the diffusion time of bound Rh6G against SDS concentration
suggests that in the initial phase (0-2 mM SDS) represents molecular-level interaction between SDS and
Rh6G and has very little inﬂuence over the diffusion
time of the bound Rh6G. In the next phase, the (2-8
mM SDS) the diffusion time of the bound Rh6G
increases rather rapidly to about 250 ls which represents the cooperative aggregation regime, leading to
micelle formation around 8 mM of SDS, which corresponds critical micellar concentration (CMC) of
SDS. After CMC only one diffusing component is
observed in the set. The diffusion time remains almost
constant up to 20 mM concentration of SDS and
thereafter increases very gradually to about 300 ls,
which can be attributed to the micellar growth phase
(20-400 mM). The higher sD of Rh6G in the presence
of the HSA can be attributed to the averaging effect of
two types of bound Rh6G, which include Rh6G bound
to SDS aggregates and HSA-SDS aggregates. On the

Figure 3. Plots of average diffusion times of (i) unreacted
RITC in the presence of HSA 25 nM (circles), (ii) Rh6G
dye (triangles), (iii) Rh6G in the presence of HSA 25 nM
(diamonds) and (iv) RITC tagged HSA (squares) as a
function of SDS concentration. The error bars represent 1r
(standard deviation) values calculated from ﬁve sets of
measurements.
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other hand, it was observed that the diffusion time of
unreacted RITC and Rh6G in the presence of HSA
show very similar behaviour, however, there are differences in the diffusion times, which can be attributed
to the speciﬁc interaction between the RITC and Rh6G
with SDS-HSA aggregates, which could be different
due to differences in their molecular structure.
With the observed trends in the diffusion time as a
function of SDS concentration for the two sets of
control experiments analysed, it is now prudent to
analyse the diffusion time of RITC tagged HSA as a
function of SDS concentration, which also shown in
Figure 3. In this set of experiments, since the RITC is
covalently tagged to HSA, therefore, any changes are
due to the diffusion behaviour of the protein. The
addition of SDS (0-8 mM) to HSA increases the diffusion time from 380 ls to 590 ls (region-I), which is
due to opening up of the tertiary structure of the HSA.
Interestingly, the diffusion time remains constant in
the 8-16 mM SDS, which can be interpreted as nonspeciﬁc SDS aggregation (micelle formation) (regionII). The 16-200 mM SDS concentration region shows
the most dramatic change in the diffusion time (6301000 ls) which is due to the opening up of the secondary structure of the HSA (region-III). Beyond
200 mM SDS the diffusion time remains constant,
which suggests that further addition of SDS does not
affect the structure of the protein (region-IV). Therefore, it is reasonable to assume that SDS aggregates
around the secondary structure of the protein, leading
to the formation of a necklace-bead model of proteinsurfactant aggregate. The interaction of SDS with
HSA leads to an increase in the diffusion time of 383
ls for the free protein to 1000 ls for the SDS aggregated protein. This increase in the diffusion time
translates to an increase in the hydrodynamic radius by
about 2.6 times. Earlier reported dynamic light scattering (DLS) studies indicate an increase in hydrodynamic radius of about 2.2 times.47 The DLS
measurements are more likely to be inﬂuenced by the
presence of external particles in comparison to FCS
measurements, the estimated increase of hydrodynamic radius of HSA by a factor of 2.6 is therefore
likely to be more reliable. The FCS experiments on the
interaction of SDS with homologous protein bovine
serum albumin (BSA) leads to qualitatively similar
results.48 However, the increase in the hydrodynamics
radius of BSA due to interaction with SDS was
reported to be a factor of 1.6, substantially less than in
the present case. The diffusion behaviour of untagged
free dye in the solution matches with that of control set
1 of the experiment indicating the interaction of the
free dye with the micelles formed. A slight decrease in
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the amount of free dye in the solution is observed, this
may be due to the binding of some free dye to HSASDS aggregates.
4. Conclusions
Surfactant induced denaturation of HSA was monitored by measuring the translational diffusion properties of the protein on near single molecular level.
Two sets of control experiments were performed
using rhodamine-6G as a ﬂuorescent tracer to evaluate the aggregation behaviour of SDS and SDS in
the presence of 25 nM HSA. These experiments
provide a reasonable foundation to understand the
unfolding of HSA in the presence of SDS. The initial
binding of SDS (0-8 mM) leads to the opening of the
tertiary structure wherein the diffusion time increases
from *380 ls to 590 ls. This is followed by a
plateau region with 8-16 mM SDS which is due to
non-speciﬁc aggregation of SDS around HSA, without affecting the structure of HSA. The opening of
the secondary structure of the protein was observed
with 16-200 mM SDS concentration. Finally, beyond
200 mM SDS concentration, the diffusion time saturates due to the formation of protein-bound
micelles. The total increase in the diffusion time for
the SDS concentration ranging from 0-400 mM
translates to increase in the hydrodynamic radius of
HSA by a factor of 2.6.
Supplementary Information (SI)
Figures S1-S2 depicting normalized FCS autocorrelation
curves, and their ﬁts with single and two components ﬁts
along with the residuals are available at www.ias.ac.in/
chemsci.
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