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a b s t r a c t

Differential scanning calorimetry (DSC), circular dichroism (CD), difference spectroscopy (UV–vis),
Raman spectroscopy, and small-angle X-ray scattering (SAXS) measurements have been performed in
the present work to provide a quantitatively comprehensive physicochemical description of the complex-
ation between bovine fibrinogen and the sodium perfluorooctanoate, sodium octanoate, and sodium
dodecanoate in glycine buffer (pH 8.5). It has been found that sodium octanoate and dodecanoate act
as fibrinogen destabilizer. Meanwhile, sodium perfluorooctanoate acts as a structure stabilizer at low
molar concentration and as a destabilizer at high molar concentration. Fibrinogen’s secondary structure
is affected by all three studied surfactants (decrease in a-helix and an increase in b-sheet content) to a
different extent. DSC and UV–vis revealed the existence of intermediate states in the thermal unfolding
process of fibrinogen. In addition, SAXS data analysis showed that pure fibrinogen adopts a paired-dimer
structure in solution. Such a structure is unaltered by sodium octanoate and perfluoroctanoate. However,
interaction of sodium dodecanoate with the fibrinogen affects the protein conformation leading to a
complex formation. Taken together, all results evidence that both surfactant hydrophobicity and tail
length mediate the fibrinogen stability upon interaction.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

In the last decade, a significant amount of different proteins
have been applied to several nanotechnology applications as
biomimetic materials, tissue engineering, printing of proteins, drug
delivery, bioelectronics and nanoparticle patterning [1–3].
Certainly, the interactions between small molecules with proteins
affect their respective biological functions and determine their
stability in solution with respect to aggregation, liquefaction, and
other phase transformations. Furthermore, the pathways of protein
aggregation, crystal formation, folding, or unfolding are largely
defined by the forces acting between the molecules [4]. The under-
standing of molecular recognition in protein–ligand complexes is
crucial to better comprehend the associated biological function
and of practical importance in the discovery, for instance, of
new drugs. The weak, noncovalent interactions (hydrophobic,
electrostatic, van der Waals, and hydrogen bonding) govern the li-
gand-binding process. Elucidating the role of these interactions
concomitantly with the involved time scales must provide insights
into the mechanism of molecular recognition and the role of bind-
ing cooperativity in the protein dynamics [5].

Fibrinogen is a complex multidomain protein whose major
function is to form fibrin clots that prevent the loss of blood upon
ll rights reserved.
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vascular injury. Bovine fibrinogen (340 kDa) is a 45-nm-long (with
an approximate diameter of 5 nm) disulfide-linked dimer of three
nonidentical polypeptide chains, Aa, Bb, and c. The NH2 terminal
portions of the six chains are linked together in the central region
of the molecule by 11 disulfide bonds forming a small globular
domain, the so-called disulfide knot, in the center [6,7]. The
C-termini of each of the three chains end in globular domains,
and those of the Bb and c chains are located at the ends of the mol-
ecule. Cleavages in all three chains then yield two D domains and
one E domain. The E domain consists of the NH2 terminal regions of
a-, b-, and c-chains chains held together by disulfide bonds. The
majority of the D region is formed by the C-terminal portions of
the b- and c-chains folded into similar structures. The COOH-
terminal portion of each fibrinogen Aa chain forms a compact
aC-domain attached to the bulk of the molecule with a flexible
aC-connector (see Fibrinogen Scheme 1).

In addition, fibrinogen shows a unique characteristic in its
folding. According to the current view, in fibrinogen, two aC-do-
mains interact intramolecularly with each other and with the
central region of the molecule, while in fibrin, they switch to an
intermolecular interaction to form aC-polymers. This structural
organization involves fibrinogen in fibrin assembly process and
promotes cell adhesion and migration through their RGD se-
quences [8].

Contemporary studies have been centered on the use of
fibrinogen for nonviral vector delivery [9], scaffolds [10], and
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Scheme 1. Fibrinogen scheme.
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biocompatibility studies [11,12]. Despite the very interesting
applications of this protein, its interaction with small molecules
as surfactants has not been exploited yet. It is well known that sur-
factants can denature proteins at smaller molar ratio than that
required by weakly binding chemical denaturants such as guanid-
inium chloride or urea. Even the binding of a restrict number of
surfactant molecules can induce substantial conformational
changes, since the surfactants can wedge themselves into the
interior of the protein. Structural studies of proteins interacting
with surfactants at sub-denaturation concentrations reveal that
the high affinity is achieved by a combination of electrostatic and
hydrophobic interactions. As a rule, most proteins follow the same
sequence of binding events: initial interaction between surfactants
[13] and proteins, partial unfold, exposing of more binding sites,
and subsequent expansion of the polypeptide chain. However,
the exact number of binding events and associated conformational
changes will depend on the structure and amino acid composition
of the protein in question [14–16].

We have focused our research on the interactions between
proteins and surfactants with a view of better understanding the
mechanisms that are responsible for the adsorption of amphiphile
molecules to biopolymers [15,17]. In particular, fluorinated
surfactants are considered less denaturing for proteins than their
hydrocarbon-base counterparts [18]. Understanding the possible
interactions that occur between fluorinated surfactants and
proteins can be helpful to guide the design of new systems for
gel electrophoresis applications [16]. Recently, the interaction
between such surfactants and proteins has also received great
attention because it has been shown that fluorinated surfactants
can control the insertion of pore-forming proteins in lipid mem-
branes [19]. In this way, it is very important to explore and to
understand the physicochemical properties of hydrocarbon/fluoro-
carbon surfactant in the presence of proteins.

In this sense, the current work is undertaken to investigate the
stability, interactions, and possible conformational changes in
bovine fibrinogen in the presence of different surfactants. Sodium
perfluorooctanoate, sodium octanoate, and sodium dodecanoate
have been chosen because their solution properties have been
widely characterized in previous works. Furthermore, these sur-
factants allow us to compare the differences between hydrocar-
bon and fluorocarbon surfactants with the same alkyl chain
with those where the hydrocarbon chain is 1.5 times longer than
the fluorocarbon chain. (It is well known that in this relation both
surfactants have similar critical micellar concentration, 27 mM
and 30 mM for sodium dodecanoate and sodium perfluorooctano-
ate, respectively, whereas cmc = 380 mM for sodium octanoate
[20]). To this end, we made use of differential scanning calorim-
etry to get insight into thermodynamic parameters, absorbance
spectroscopy, and circular dichroism to infer about changes in
the protein secondary structure as well as small-angle X-ray
scattering to have information on protein conformational
changes. Interestingly, we observed that sodium octanoate and
perfluorooctanoate do not affect the fibrinogen conformation.
Such findings could be of interest for applications in biomaterial
science where devices should be created with improved
hemocompatibility.
2. Materials and methods

2.1. Materials

Bovine plasma fibrinogen, fraction I, type IV, was purchased
from Sigma and used without purification. Sodium octanoate
(C8HONa) and sodium perfluorooctanoate (C8FONa) were obtained
from Lancaster Synthesis Ltd. Sodium dodecanoate (C12HONa) with
purity over 99% was obtained from Sigma Chemical Co. The buffer
solution consisted of 50 mN glycine and adjusted sodium hydrox-
ide to give a pH value of 8.5. Samples were prepared within 2 h
prior to usage. All chemical reagents were of analytical grade,
and solutions were made using doubly distilled and degassed
water.

2.2. Differential scanning calorimetry

Differential scanning calorimetry (DSC) measurements were
taken using a VP-DSC (MicroCal Inc., Northampton, MA) calorime-
ter with 0.542 ml twin cells for the reference and sample solutions.
Prior to the DSC experiments, the samples and the references were
degassed under vacuum while being stirred. Thermograms were
recorded between 20 and 110 �C at a scan rate of 60 �C per hour.
Each experiment was conducted in triplicate to check the repro-
ducibility. The baseline reference, obtained with both cells filled
with buffer, was subtracted from the thermograms of the samples.
The heat capacity curves were evaluated using the MicroCal Origin
7.0 software provided with the equipment to obtain DH and Tm

values.

2.3. Difference spectroscopy

Difference spectra were measured using a Beckman spectropho-
tometer (model DU 640), with six microcuvettes, which operates in
the UV–vis region. All measurements were taken using fibrinogen
solutions with a fixed concentration of 0.5 g dm�3 in carefully
matched quartz cuvettes (50 ll capacity). For absorbance differ-
ence spectra, just two cells were used. The first microcuvette
containing just protein in the buffer solution was used as a blank
reference; meanwhile, the other one was filled with fibrinogen in
the presence of surfactant solution. The microcuvettes were then
placed in the same orientation for all the tests. Measurements were
taken under the condition that protein and surfactant had been
incubated for over 2 h, after which the difference spectra did not
change. For absorbance measurements with varying temperature,
a Beckman (DU Series) temperature controller was used, following
the Peltier methods of controlling temperature, in the range of
25–80 �C.

2.4. Circular dichroism

Far-UV circular dichroism (CD) spectra were obtained using a
JASCO-715 automatic recording spectropolarimeter (Japan) with
a JASCO PTC-343 Peltier-type thermostated cell holder. Quartz
cuvettes with 0.2-cm pathlength were used. CD spectra of pure
fibrinogen and fibrinogen-surfactants dilute solutions were re-
corded from 190 to 270 nm. Protein concentration was 0.5 g dm�3,
and surfactant concentrations varied from 1 to 10 mM. The
following setting was used: resolution, 1 nm; bandwidth, 1 nm;
sensitivity, 50 mdeg; response time, 8 s; accumulation, 3; and scan
rate 50 nm/min. Corresponding absorbance contributions from
buffer solution was subtracted with the same instrumental param-
eters. Data are reported as molar ellipticity and determined as

½h�k ¼
hkMr

Ncl
ð1Þ
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where c is the protein concentration, l is the pathlength of the cell,
½h�k is the measured ellipticity at a wavelength k, Mr is the molecular
mass of the protein, and N is the number of residues. The secondary
structure content was analyzed by Dichroweb program [21] using
CONTIN algorithm.

2.5. Raman spectroscopy

The Raman scattering measurements were taken using a Raman
microprobe instrument consisting of a Jobin–Yvon T64000
spectrometer equipped with a microscope, which allows a spatial
resolution on the sample of about 1 lm. The Raman signal was
detected by a multichannel CCD detector cooled with liquid nitro-
gen. Raman spectra over the whole optical frequency range were
recorded using the subtractive configuration of the spectrometer,
with a spectral resolution of about 2 cm�1. To improve the resolu-
tion of closely spaced peaks, high-resolution scans of some
frequency regions were recorded using the triple additive configu-
ration, with a spectral resolution better than 1 cm�1. The light was
collected in backscattering geometry through an objective of
numerical aperture 0.95. The 785 nm line of an Ar+ laser was used
as excitation, focused on a spot of �1 lm in diameter, with an
incident power on the sample of �2 mW.

2.6. Small-angle X-ray scattering (SAXS)

The experiments were performed in a commercially available
NanoStar small-angle X-ray instrument (Bruker AXS) with Cu Ka1

radiation (k = 1.54 Å), sample-to-detector distance of �650 mm.
The scattering data were collected by a two-dimensional position
sensitive gas detector (HiSTAR) over a scattering vector of q
(=(4psin h)/k, being 2h the scattering angle) ranging from
qmin = 0.013 Å�1 to qmax = 0.33 Å�1. The qmin value allowed us to
determine the macromolecules’ maximum dimension, Dmax, of ca.
480 Å (Dmax = 2p/qmin) that is compatible to FB longest axis, and
qmax allowed us to monitor the micelles’ formation concomitantly.
Samples were conditioned in glass capillaries with 2.0 mm inner-
diameter, perpendicular to the incident X-ray beam. Data collec-
tion took from 2 to 4 h, according to protein concentration. No
radiation damage was observed. The obtained scattering curves
were corrected for buffer scattering and sample attenuation.

It is well known that the scattering intensity from a set of
monodisperse particles randomly distributed is given by [22]

IðqÞ ¼ cnpPðqÞSMðqÞ ð2Þ

where c is a calibration factor related to the experimental setup and
np corresponds to the particle number density. P(q) is the scattering
particle form factor that depends on the electron density contrast
between the particle and the surrounding medium, and SM(q) is
the so-called ‘measured’ structure factor, which is equal to 1 for
noninteracting particles. In the current work, we made use of the
human fibrinogen crystallographic structure (code: 3GHG from
PDB website) to calculate the protein form factor P(q) by Monte
Carlo simulations (MCS), as previously described [22].

Concerning micellar aggregates in solution, P(q) was calculated
supposing that the micelle resembles small prolate ellipsoids [23].
In this way, the ellipsoid shortest semi-axis is on the order of par-
affinic chain length, Rpar, whereas the largest semi-axis is mRpar,
with m equal to the micellar axial ratio. The model assumes that
the micelle is constituted by two shells of different electron
densities: an inner core of paraffinic moiety, with electron density
qpar, and an external shell, surrounding the core, with a respective
polar headgroup thickness r that includes the hydration water and
with electron density qpol, relative to the continuous medium
(buffer solution with electron density similar to that of water
qw = 0.334 e/Å3). SM (q) function was modeled according to the
well-known Mean Spherical Approximation (MSA) [24]. In this
methodology, the micelles are treated as charged spheres
interacting through a screened-Coulomb potential (the repulsive
contribution of the DLVO potential). The fitting parameters of such
procedure are: the amount of charges on the micelle surface
(ionization coefficient, a) and the effective diameter of the sphere.
Details of this methodology can be found elsewhere [23].

For micelles interacting with fibrinogen, we analyzed the SAXS
curve through the pair distribution function, p(r), according to the
procedure recently reported for protein complexes with sodium
alkyl sulfates [16]. Such a function is a Fourier transform of the
scattering intensity I(q), which gives information about the scatter-
ing particle shape and maximum dimension [25]. In the case of
micelles associated with polypeptide chains, it has been shown
that three structural parameters can be retrieved directly from
p(r). These are the average length of the complex, the micelle
radius, and the distance between neighboring micelles [16]. In this
work, the p(r) function was calculated by means of a generalized
indirect Fourier transform (GIFT software) developed by Glatter
et al. [26].
3. Results and discussion

3.1. DSC, CD, absorbance difference, and Raman spectroscopy: samples
containing 0.5 g dm�3 of fibrinogen in the absence and presence of
surfactant concentration below cmc

A first set of DSC experiments at different protein concentra-
tions (from 0.1 to 4 g dm�3) have been performed and revealed
that the concentration does not influence on the main features of
the thermograms. On the other hand, three thermograms were
obtained from some samples at different scan-rates (45, 60 and
90 �C per hour) and showed that the temperature corresponding
to the maximum heat capacity is scan-rate-dependent (from
52.58 to 53.32 �C for the lowest to the highest scan rate, respec-
tively). This fact indicates that the fibrinogen denaturation process
is kinetically controlled [27]. Therefore, we decided to perform the
scans at 60 �C per hour.

A DSC scan of fibrinogen (0.5 g dm�3) in buffer solution (glycine,
pH 8.5) is shown in Fig. 1A. Three endothermic peaks can be
observed. The narrow and symmetrical peaks located at 52.85
and 93.97 �C have been attributed to the denaturation of the end
D and central E fragments of fibrinogen, respectively [28,29]. On
the other hand, the small and broad peak at 76.62 �C has been
related to the denaturation of the C-terminal of the Aa chains [27].

The reversibility of the transitions was checked by heating the
samples in the calorimetric cell after cooling them down from
the first run. Consecutive scans show no peaks because of total
fibrinogen denaturation after heating. However, with the aim of
investigating the reversibility of each endothermic peak, we per-
formed distinct heating and cooling cycles as follows. Firstly, the
sample was heated up to 60 �C, cooled down to room temperature,
and reheated up to 110 �C (Fig. 1B-II). As one can see, the first peak
disappeared showing the irreversibility of such a transition.
Similarly, the other two calorimetric peaks also disappeared after
heating and cooling processes as displayed in the Fig. 1B-III and
IV. Consequently, all calorimetric peaks were found to be irrevers-
ible under temperature. Thus, only the first scan is shown for each
studied sample.

The DSC thermograms from fibrinogen in the surfactant-
containing solutions are shown in Fig. 2. In all studied systems,
no reversibility was found as in the case of pure fibrinogen. The
thermodynamic characteristics of the thermal denaturation,
namely, melting temperatures (Tm, temperatures at which a maxi-
mum occurred in the endothermic peaks), calorimetric enthalpy
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(DH), van’t Hoff enthalpy (DHv), and cooperativity (n, the ratio of
calorimetric enthalpy to van’t Hoff enthalpy) were obtained and
listed in Table 1.

As one can note, with increasing hydrogenated surfactant
concentration, endothermic peaks shift to lower temperatures or
disappear as in the case of the second peak in respect to pure
fibrinogen. Significant changes in the peaks features are induced
by the highest surfactant concentrations. Regarding the effect of
the fluorinated surfactant, the first endothermic peak shifts to
higher temperatures up to 1 mM C8FONa concentration (acting as
a stabilizer), followed by a decrease in Tm afterwards. This behavior
may be attributed to the effect of the CF3 group on the hydration
shell of the peptides. This fact has been interpreted on the basis
that small amount of surfactants must induce a protective effect
due to some binding function of the surfactant ions. In other words,
the native conformation is stabilized by a cross-linking function of
the surfactant between a group of nonpolar residues and a
positively charged residue located on different loops of the protein
[30]. The first peak thus becomes broader, and the second and third
ones disappear when C8FONa is present at high concentrations.
Concomitantly, the heat capacity varies with surfactant
concentration.

This first set of measurements points out a decrease in stability
of fibrinogen with increase in the surfactant concentration. Such a
fact has been previously observed in other systems; when surfac-
tant concentration is increased, hydrophobic interactions become
more dominant, and surfactant hydrophobic moieties will tend to
penetrate into the hydrophobic domains of the protein in order
to reduce their contacts with water. Thus, due to such a penetra-
tion, the protein may change its conformation somewhat, which
results in a lower thermal stability [31].

Enthalpies of the protein thermal denaturation exhibit the high-
est values for the first peak, whereas values for the second are the
lowest (Table 1). In the presence of C8FONa and C12HONa, these
values tend to decrease with the surfactant concentration. How-
ever, with C8HONa, such a behavior is only corroborated for the
third peak. Comparing the values among the different systems,
one can notice that the enthalpies increase in the order of
C8HONa < C12HONa < C8FONa.

Concerning cooperativity, n, it depends on a number of factors.
When estimated values of van’t Hoff enthalpy for a particular reac-
tion are compared with enthalpy values obtained directly by calo-
rimetric methods, substantial disagreement between both values
often takes place. Such discrepancies have been suggested to indi-
cate that unfolding is more complex than the simple one-to-one
model used to describe the data. It has been noted that binding
reactions can include the displacement of solvent and counterions,
as well as other linked equilibria such as protonation or conforma-
tional changes. It has been suggested that calorimetric enthalpy
includes these contributions, which are not observed in the van’t
Hoff method. This suggests that the van’t Hoff enthalpy is the
‘‘intrinsic’’ binding heat, whereas the calorimetric enthalpy
includes other concomitant reactions (i.e., linked equilibria). Thus,
when n > 1, the unfolding is not a two-state process but involves
unfolded intermediates or independent domains significantly
populated. In the case of n < 1, this implies that the overall protein
is not correctly folded (probably due to irreversible or aggregation
effects). For all studied systems, one can conclude that n > 1 for the
first peak and n < 1 for the second and third ones. This implies that
one or more intermediate states are populated in the lowest
temperature change, while denaturation at higher temperatures
involves intermolecular cooperation [32].

In order to get more information about changes in the fibrino-
gen secondary structure, we have also performed measurements
of circular dichroism and absorbance difference as described
below.



Table 1
Thermodynamic parameters obtained from DSC thermograms of fibrinogen in the presence of C8FONa, C8HONa, and C12HONa.

Tm (�C) DH (kcal/mol) DHv (kcal/mol) Cooperativity

Tm1 Tm2 Tm3 DH1 DH2 DH3 DHv1 DHv2 DHv3 n1 n2 n3

Surfactant-free 52.7 74.5 93.9 288.2 34.2 156.1 179.4 122.4 186.3 1.61 0.28 0.84
C8FONa (mM)
0.06 53.8 75.7 93.2 416.3 24.5 167.5 182.9 126.8 202.6 2.27 0.19 0.82
0.08 54.2 76.8 93.2 475.0 76.5 195.8 167.0 47.0 182.7 2.84 1.62 1.07
0.2 54.1 74.7 93.2 429.5 35.9 181.0 178.0 103.7 190.0 2.41 0.34 0.95
0.5 53.4 93.2 391.3 184.6 180.6 183.2 2.11 1.00
0.8 53.6 93.2 364.3 148.1 182.1 199.5 2.00 0.74
1 53.0 93.2 372.8 153.0 176.8 194.9 2.10 0.78
1.5 52.8 93.1 306.7 142.4 182.3 196.4 1.68 0.72
3 51.9 88.0 278.9 42.4 138.6 186.7 2.01 0.22
5 45.3 81.7 185.8 43.3 113.6 183.4 1.63 0.22
10 45.2 143.3 89.6 1.59

C8HONa (mM)
1 52.2 93.4 190.3 137.5 191.8 170.0 0.99 0.80
5 52.1 93.2 250.8 123.7 185.8 195.8 1.34 0.63
15 50.8 92.8 309.6 99.4 163.4 235.0 1.89 0.42
25 49.6 92.2 444.9 99.7 118.4 209.0 3.75 0.47
50 47.5 91.3 289.9 100.7 132.9 186.7 2.18 0.53

C12HONa (mM)
0.05 53.0 75.8 93.2 390.1 17.9 152.1 166.0 166.5 209.1 2.35 0.10 0.72
0.2 51.7 74.3 93.7 298.6 44.1 157.1 154.4 93.5 201.5 1.93 0.47 0.77
0.8 51.7 74.2 92.8 392.2 24.9 151.1 151.6 136.7 209.3 2.58 0.18 0.72
1 50.5 74.9 92.3 336.2 75.6 145.6 144.0 118.6 196.0 2.33 0.63 0.75
2 49.4 89.5 234.6 78.1 108.7 136.7 2.15 0.57
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Chen et al. [27] have estimated that the native fibrinogen mol-
ecule contains about 35% a-helix, 21% b-sheets, 13% b-turn, and
31% random coil. Other authors have estimated 42% a-helix, 7%
b-sheets, 20% b-turn, and 30.8% random coil [33]. However, the
trends are clear: with increasing temperature, a-helix and b-sheets
change little before the onset of the first peak but change dramat-
ically (a-helix decreased and b-sheets increased) in the range of
55–65 �C. After this, a-helix contents decrease moderately and
finally an important decrease is observed from 80 to 100 �C. This
behavior indicates that the decrease in a-helix occurs in domain
E and in the coiled-coil portion of fragment D [28]. Some authors
have found that the decrease in a-helix content is due to a confor-
mational change to a b-structure, on the basis that the ellipticity of
the negative peaks in the CD spectrum for fibrinogen changed from
more to less negative values and their observation that the fluores-
cence intensity decreased [34].

Here, we make use of CD measurements on fibrinogen solutions
containing surfactants at different temperatures (40, 70, and 90 �C)
(see Fig. 3). The first temperature corresponds to the area below
the first calorimetric peak (native fibrinogen structure), the second
is placed between the second and third peaks (just D domain is
unfolded), and the final one is located over the third peak. Frag-
ment D contains a distribution of secondary structure values of
35% a-helix, 29% b-sheet segments, and 17% turn structures.
Fragment D has two domains: a portion of the original coiled-coil
and also a thermally labile globular domain. The coiled-coil portion
showed an a-helical content around 70%, and the globular domain
is estimated to be rich in b-sheet structures. Fragment E is shown
to contain 50% a-helical values, attributed to its coiled-coil
portions, and minor b-strands, and turn structures [35].

From our results, we can estimate that the native fibrinogen
molecule at 40 �C contains about 30% a-helix and 18% b-sheets.
Furthermore, all three surfactants interact with fibrinogen and
affect the protein secondary structure to a different extent. At
40 �C, changes in secondary structure are insignificant for surfac-
tant concentrations below 3 mM. However, by heating up the
samples (70 and 90 �C), greater changes take place at lower surfac-
tant concentrations. The backbone hydrogen bonds of a-helix are
generally slightly weaker than those found in b-sheets. Thus, they
are readily attacked by the surrounding molecules. In this study,
both a-helix and b-sheets exhibit changes with added surfactant
molecules. The interaction with C8FONa leads to the greatest
protein conformational changes (particularly at 70 and 90 �C),
whereas C8HONa leads to smallest changes. These findings suggest
that the strength of the interactions between fibrinogen and the
three surfactants followed the order C8FONa > C12HONa > C8HONa.
Previous studies have explained the different interactions between
fibrinogen and ligands in terms of ligand molecular structure
[36,37]. In this case, the most hydrophobic surfactants (C8FONa,
C12HONa) were found to interact stronger with fibrinogen. On
the other hand, because of the small size of C8FONa, a greater
number of molecules can interact with fibrinogen, and such inter-
actions can be strong enough to cause the protein unfolding.
Similar conclusion has been obtained by comparing the adsorption
of b-endorphin and epinephrine to the different domains of the
fibrinogen through electrostatic, polar, and hydrophobic interac-
tions, resulting in protein unfolding, which may in turn expose
the receptor-induced binding sites [38].

Difference absorption spectra of fibrinogen in the presence of
different C8HONa concentrations are presented in Fig. 4 (spectra
corresponding to the other surfactants follow the same pattern).
It is assumed that in the near-UV, the major factors responsible
for the absorbance are tryptophan and tyrosine with a maximum
at 280 nm [39]. Although fibrinogen contains appreciable amounts
of phenylalanine, the perturbation spectrum of these residues is
situated at a much shorter wavelength and has a much lower
intensity than those of tyrosine and tryptophan and do not need
to be considered here. The primary structure of fibrinogen contains
a total of 72 tryptophan [40] and 88 tyrosine residues distributed
along the molecule, with each Aa, Bb, and c chains having 21,
27, and 32 of these residues, respectively (NCBI Protein Database).
Two isodichroic points, when the concentration of surfactant is
varied, can be observed at 280 nm and 292 nm approximately. This
fact reveals that two species are present in the solution [41].
Assuming that the surfactants do not contribute to the absorption
spectrum, the two species should, indeed, correspond to different
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unfolded states of the fibrinogen molecule, which is in good agree-
ment with the cooperativity obtained from DSC measurements.
There were no great changes in the overall shape of the adsorption
spectra. Very slight decrease in the maximum region was noticed,
but there was distinct increase in the minimum region. Shifts of
2–3 nm towards blue have been observed for C8HONa and
C12HONa. Meanwhile, blue shift is only of 1 nm for C8FONa. In a
previous study, Guo et al. [42] have found a blue shift for different
fibrinogen concentrations (without added surfactants), which has
been attributed to concentration-dependent self-association where
amino acid residues are exposed to an apolar environment. In our
study, the protein concentration remains constant, so blue shift
arises from the hydrophobic interactions of tryptophan with the
hydrophobic moiety of the surfactants. Transition midpoints (Tm)
were also checked by UV–vis showing a good agreement with
those obtained from DSC.

In order to discuss how the surfactants affect the secondary
structure of the protein, we have analyzed Raman spectra for
fibrinogen in the presence of hydrogenated and fluorinated surfac-
tants (Fig. 5). The band at 1641 cm�1 corresponds to the amide I
band, which is sensitive to the secondary structure in fibrinogen.
In the presence of surfactants, this band shifts slightly from
1641 cm�1 to 1648 cm�1, 1651 cm�1, and 1649 cm�1 for C8FONa,
C8HONa, and C12HONa respectively. These slight changes in the
position (and intensity) of the amide I band indicate that the sur-
factant adsorption on protein is accompanied by changes in the
secondary structure of the protein: from a high a-helix content
to the b-sheet structure [43] (Fig. 5). These results correlated well
with CD analysis.
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At 1448 cm�1, this band is assigned to the deformation modes
of both CH3 and CH2 vibrations. The ratio of the Raman peak area
of CH3 and CH2 deformation mode related to the Raman peak area
of the amide I band (1641 cm�1) is increasing from 0.0056 to
0.0170, 0.0115, and 0.0171 for C8FONa, C8HONa, and C12HONa
respectively. The decreasing Raman peak area of the amide I band
is clearly observed in the presence of three surfactants. With these
results, one can assume that the adsorption takes place via the
amino acid side-chains, accompanied by changes in the secondary
structure content but not in the overall structure of the
protein.

3.2. SAXS analysis of fibrinogen in the absence and presence of
surfactants

In the following, we describe the SAXS results with the aim of
better understanding how the surfactant interaction impacts on
the fibrinogen quaternary conformation at room temperature
(T = 22 �C), i.e., on the native fibrinogen structure. First of all, in
the absence of surfactants, Fig. 6 shows the scattering intensity,
normalized by the protein concentration, of fibrinogen at 1, 3,
and 6.6 g dm�3 in the presence of 50 mM glycine–NaOH buffer,
pH 8.5. SAXS measurements from samples composed of 0.5 g dm�3

did not result in any detectable SAXS signal (data not shown).
However, the normalized scattering curves are practically the same
for the three studied concentrations. Such a fact evidences that the
protein conformational state is concentration-independent from 1
to 6.6 g dm�3. Moreover, effects of interaction between proteins do
not take place over the SAXS curves (SM(q) = 1 in the Eq. (2)) once
they do not present any interference peak [22]. Therefore, we
calculate P(q) through the fibrinogen crystallographic structure as
a disulfide-linked dimer of three nonidentical polypeptide chains
(Fibrinogen Scheme 1), but the corresponding scattering curve fails
to fit the experimental data at low q values (dashed line in the inset
on Fig. 6). On the other hand, the scattering of a paired-dimer con-
figuration as found in the crystallographic native structure (pdb
code: 3GHG, depicted in the inset on Fig. 6) reproduces quite well
the data (solid line in the inset on Fig. 6). So, the SAXS curves are
compatible to the scattering of paired-dimers (arrangement of
two FB dimers) in this studied concentration range.

Therefore, we decide to proceed with the investigation by using
a protein concentration of 3 g dm�3. In terms of surfactant concen-
tration, we studied the influence of 60 mM of each surfactant on
the fibrinogen structure. Note that such a concentration keeps
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the same molar ratio used in the DSC and spectroscopic measure-
ments as 0.5 g dm�3 and 10 mM of surfactant.

Interestingly, the samples composed of hydrogenated surfac-
tants C8HONa and C12HONa, in the absence of protein, did not
produce any detectable scattering signal at 60 mM. Such a fact is
easily understood because C8HONa micelle-like aggregates are
not expected to be formed at this concentration (CMC of
380 mM). In respect to C12HONa (CMC of 27 mM), a quite small
number of micelles must be self-assembling in solution but they
are not detectable by our experimental setup. On the other hand,
the fluorinated surfactant, C8FONa, shows clearly a typical scatter-
ing curve from surface charged micelle-like aggregates [23] (Fig. 7),
although it has a CMC value similar to that of C12HONa. The pres-
ence of CF2 group in the hydrophobic medium contributes to a lar-
ger extent to the electron density contrast in P(q) form factor (Eq.
(2)) than does the CH2 group, even though the number of scattering
particles np is small.

The analysis of the scattering curve from C8FONa micelles, by
assuming that the micelle shape can be described as a prolate ellip-
soid-like aggregate (solid line in Fig. 6), resulted in a value of
Rpar = 11.5 Å that is compatible to the CH3–(CH2)7 extended-chain
length. Moreover, the anisometry m (ratio between the longest
and the smallest axes), the polar shell thickness, r, and its electron
density qpol were equal to 2, 3.5 Å, and 0.40 e/Å3, respectively. The
hydrophobic volume of the surfactant was determined as 340 Å3,
in accordance with the value reported in the literature [44] of
343 Å3. An aggregation number of 35 was then calculated in good
agreement with the value found in the literature of 50 ± 21 [45].
From SM(q) modeling, 14e charges were found in the micellar
surface, indicating that ca. 40% of the surfactants in the aggregate
are ionized, in very good agreement with 39% determined for
cesium perfluorooctanoate [42].

Concerning the influence of the surfactants on the fibrinogen
structure, Fig. 8 shows the SAXS curves of 3 g dm�3 of protein in
the absence and presence of 60 mM of C8HONa, C8FONa, and
C12HONa. The scattering curves are displayed in log scale in the
inset on Fig. 8 to emphasize the differences. As one can observe,
the presence of C8HONa did not promote any significant change
in fibrinogen scattering curve. Therefore, our results give support
to conclude that the presence of C8HONa molecules below CMC
do not affect significantly the protein conformation that remains
in its paired-dimer state, although small (or even subtle) local
changes in the domains may be occurring according to DSC and
spectroscopic measurements.
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On the other hand, the presence of fluorinated surfactants
(C8FONa) alters the scattering profile. There is an increase in the
intensity in the small q region concomitantly with the appearance
of a shoulder around 0.08 Å�1 (Fig. 8) related to the fluorinated sur-
factant micelle formation. The scattering profile is indeed due to a
sum (solid line on Fig. 9) of two independent scatterings: one is
due to the FB in the paired-dimer configuration and the other
one to the fluorinated surfactant micelles coexisting in solution.
The structural parameters from the FB and the micelles previously
analyzed, Figs. 6 and 7, remain practically the same. Just the
micelle ionization coefficient is reduced from 40% to 30%. Knowing
that the fibrinogen pI (isoelectric point) is 5.5, at pH 8.5, the
protein has a negative net charge in such a way that there are a
large number of cationic counterions in the bulk in order to keep
the electro-neutrality. As a consequence, some positive counteri-
ons must be screening the micelle surface charge. Therefore, our
SAXS results indicate that at 60 mM, C8FONa monomers may
interact with fibrinogen paired-dimer without promoting dissocia-
tion or significant conformational changes, whereas micelle-like
aggregates coexist in solution. Small local changes in the secondary
structure of the fibrinogen as evidenced by DSC and spectroscopic
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Fig. 9. SAXS data of fibrinogen 3 g dm�3 in the presence of 60 mM of C8FONa (open
circles): the data are well fitted as a sum of independent scatterings due to paired-
dimers FB and fluorinated surfactant micelles. The same scattering data can be
appreciated in the log scale in the inset.
measurements are not reflected in the overall protein conforma-
tion as seen by SAXS at room temperature.

Finally, the presence of sodium dodecanoate changes the scat-
tering profile of the protein and induces the appearance of a broad
peak around q� 0.17–0.18 Å�1 (black arrow in the inset on Fig. 8),
which is related to the formation of micelle-like aggregates in solu-
tion similar to those formed by sodium dodecyl sulfate [15]. There-
fore, our results evidence that the presence of fibrinogen favors the
formation of C12HONa micelle-like aggregates at concentrations
lower than CMC of the surfactant in protein-free solution, as previ-
ously reported for other proteins and sodium alkyl sulfates [15,16].
Further, the fibrinogen scattering is also modified. Nevertheless, in
this case, the SAXS curve is not well represented by the sum of the
two independent scatterings related to the protein and the
micelles. In fact, the micelles probably grow around specific
hydrophobic regions of fibrinogen, inducing changes in the protein
conformation as we explore below.

Different models have been described with the aim of monitor-
ing the complexation between proteins and surfactants as ‘‘pearl
necklace model’’ [15,16,46,47] and ‘‘polypeptide unfolded chain
wrapping around micelles’’ [48]. However, the three polypeptide
chains of fibrinogen are held together by 29 disulfide bonds [49].
These chains conserve secondary structure in the presence of the
three surfactants as it has been demonstrated by CD measure-
ments. Thus, fibrinogen complexes cannot behave as flexibly as a
random coil. For this reason, we analyzed the SAXS curve of bovine
fibrinogen (3 g dm�3) in the presence of C12HONa through the p(r)
function [16]. Fig. 10 shows the SAXS data along with the best fit
obtained with the GIFT software [26] corresponding to the p(r)
function shown in the inset on Fig. 10. The first oscillation in the
p(r) function for r < 50 Å is a fingerprint of micelle formation
[16], while the following maxima are associated with micelle
dimension and the mean distance between two adjacent micelles.
Accordingly, these values are equal to 57 Å and 138 Å, respectively.
The micelle dimension is compatible to the values reported for
sodium alkyl sulfate micelles [15,16]. Furthermore, the extension
of the protein–surfactant complex can be inferred from the posi-
tion where p(r) goes to zero and amounts to ca. 400 Å. Such a value
is near the FB longest dimension (see Fibrinogen Scheme 1). Based
on this model, we may infer that C12HONa interacts with the
protein, forming a complex, where probably micelle-like aggre-
gates are locally assembled at some hydrophobic moieties of the
polypeptide chains.
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4. Conclusions

The supramolecular assembly between bovine fibrinogen and
sodium perfluorooctanoate, octanoate, and dodecanoate in buffer
solution has been studied using different experimental techniques
and theoretical models. The results obtained are summarized as
follows. As a first step, we have studied the thermal stability of
fibrinogen in the presence of the surfactants. Addition of hydroge-
nated surfactants results in decrease in melting temperatures.
However, the fluorinated plays two opposite roles in the folding
and stability of fibrinogen: acting as a structure stabilizer at low
molar concentrations (enhancing Tm) and as a destabilizer at high-
er concentrations (diminishing Tm). Unfolding process of fibrinogen
does not follow a two-state process but involves intermediate
states for all studied systems. Increasing temperature and/or sur-
factant concentration results in a decrease in a-helix (and b-sheet
increase) content. However, both the quaternary and tertiary
structure does not undergo large variations as can be inferred from
UV–vis and Raman spectra. SAXS measurements have shown that
pure fibrinogen exists as a paired-dimer in this medium. In the
presence of surfactant, the map of the configurations of the protein
changes, depending on the hydrophobicity of surfactant. The pres-
ence of C8HONa (lowest hydrophobicity) did not promote any sig-
nificant change in fibrinogen. C8FONa monomers interact with
fibrinogen paired-dimer without promoting dissociation or signif-
icant conformational changes. On the other hand, the interaction
between C12HONa (highest hydrophobicity) and the protein
promotes the surfactant self-assembling at hydrophobic moieties.
Finally, we would like to point out that the picture of the fluorocar-
bon/hydrocarbon plus fibrinogen system reported here could pro-
vide a key that paves the way for future biochemical and
biomedical applications, for example, in the recovery of proteins
and protein conformation on support materials for regenerative
therapies.
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