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The complexations between human serum albumin (HSA) and the sodium perfluorooctanoate/sodium octanoate
and sodium perfluorooctanoate/sodium dodecanoate systems have been studied by a combination of electrical
conductivity, ion-selective electrode, electrophoresis, and spectroscopy measurements. The binary mixtures
of the surfactants deviated slightly from ideality. Binding plots revealed the existence of two specific binding
sites, the first site being more accessible than the second. Positive cooperative binding has been found, thus
revealing the importance of the hydrophobic interactions in both kinds of surfactants. The Gibbs energies of
binding per mole of surfactani\G;) were calculated from the Wyman binding potential where, on the basis

of the elevated number of binding sites, a statistical contribution has been included. Initially these energies
are large and negative, gradually decreasing as saturation is approached. Changes in the slope of Gibbs energies
have been identified with the saturation of the first binding set. These facts denote that the surfactants under
study have different favorite adsorption sites along the protein and that the adsorption process of
perfluorooctanoate is more closely followed by dodecanoate than by octanoate. Finally, electrophoresis and
spectroscopy measurements suggest induced conformational changes on HSA depending on the surfactant

mixture as well as the mixed ratio.

1. Introduction tension (air-water surface), whereas the hydrocarbon surfactant
aids in the reduction of the interfacial tension feiater
surface). The net result can be a system that easily wets and
spreads on otherwise hard to wet surfaces. However, fluoro-
carbon surfactants are generally expensive and, in many
plications, a combination of fluorocarbon and hydrocarbon

Early works addressed the interactions of small molecules
with proteins because of their biological function. These
interactions result, for example, in folding and binding, two of
the most fundamental aspects of protein behavior. Over the last

: . |
several decades, these have been used in several b'OteChnOIOQ'Cgﬁrfactants is economically preferabile.

disciplines (control of colloidal stability in foods and pharma- We have recently focused our research on the interactions

ceuticals, construction of nanodevices, iédoreover, mixtures between proteins and hydrocarbon and fluorocarbon surfactants
of proteins and surfactants occur in response to several diﬁerentWith a vigw to understgndin the mechanism responsible for
thermodynamic driving forces, and as a result the mode of 9 P

- .~ the adsorption of these molecules to such biopolyrferand
binding and the supramolecular structure of the resulting . . 2 .

. . . " on the study and comparison of the physicochemical properties
complexes are quite sensitive to solution composition and of hydrogenated surfactants and their corresponding perfluori-
temperature, which is interesting from a theoretical standpoint. nate):j on%s as a function of temperature and aﬁ)k | (ﬂ'ngEEIp’l ce
However, there are relatively few articles that deal with the T S P y T
. - . . : our aim in this article is to build upon the knowledge in this
interactions of proteins with surfactant mixtures.

. . . . area in several ways. On one hand, we are trying to clarify the
Research on surfactant mixtures is of considerable interest Y ying fy

. L . interaction of proteins with surfactant mixtures and, on the other
for numerous technical applications becausc_a surfactant mixture and, we are trying to enhance the physicochemical properties
enhance performance when compared .to. single surfactants. OQ)f hydrocarbon/fluorocarbon surfactant mixtures in the presence
the other hand, because of hydrophobicity between fluorocar- of biopolymers. For this purpose, we have chosen human serum
bons and hydrocarbons, mixed fluorocarbon and hydrocarbonalbumin sodiL;m perfluorooctar’mate sodium octanoate. and
surfactants exhibit nonideality when it comes to the mixing of sodium 'dodecanoate ' '
their micelles. The important characteristic of the immiscibility The alobular roteiﬁ human serum albumin (HSA), consistin
of two surfactants is the coexistence of two kinds of monolayers f583g X p'd . inal | tide chai "th I 9
featuring different compositior’sln many cases, the combina- 0 amino acias in a singie polypeptide chain with a molar

tion of fluorocarbon surfactant plus a suitable hydrocarbon [Egsztg; 660?05?1ghr?r?t}érlzc\qf:slg(-g:\edcfss?alrlg 0?:' %rpotﬁ;r;m
surfactant can produce a degree of wetting which cannot be y Y cry grap

attained by either type alone. In such a combination, it is shown an asymmetric heart-shaped molecule with sides of 8

. - nm and thickness of 3 nm that can be roughly described as an
typically the fluorocarbon surfactant which reduces the surface equilateral triangle with a height of 6.9 nm. The two heart lobes

- contain the molecule’s hydrophobic binding sites while the
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* Group of Biophysics and Interfaces. outside of the molecule contains most of the polar groups. HSA
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as a carrier for fatty acids and several amphiphiles from

Blanco et al.

The ion-selective electrode was made by gluing at one end

bloodstream to tissues, and hence is an appropriate choice obf a poly(vinyl chloride) (PVC) tube, a membrane made with

protein for use in a study of interaction with amphiphilic
compounds.
Sodium perfluorooctanoate, sodium octanoate, and sodium

300 mg of PVC dissolved in 50 mL of tetrahydrofuran (THF),
0.2 mL of dibutylphthalate (plasticizer), and 0.167 g of an
insoluble ion salt. The insoluble salt was filtered and washed

dodecanoate have been chosen because their solution propertiezeveral times with double-distilled water and then left to dry.
have been widely characterized in previous works and becauseThe crystals were powdered and suspended in the PVC solution.
these surfactants allow us to compare the differences betweenThe suspension was then left in a Petri dish to let the THF

hydrocarbon/fluorocarbon mixtures with the same alkyl chain
with mixtures where the hydrocarbon chain is 1.5 times longer
than the fluorocarbon chain (it is well-known that in this relation
both surfactants have the same critical micellar concentrdjion

This paper is organized as follows. Initially we studied the
properties of both surfactant mixtures trying to determine the
existence of synergism, the critical micellar concentration, and
the interaction parameters. We then introduced the HSA,
explaining the different complexation pattern on the basis of
their mixture properties.

2. Experimental Section

2.1. Materials. Sodium octanoate (C8HONa) and sodium
perfluorooctanoate (C8FONa) of at least 97% purity were
obtained from Lancaster Synthesis Ltd. Sodium dodecanoate
(C12HONa) with purity greater than 99% was obtained from
Sigma Chemical Co. Human serum albumin (HSA, albumin
(=96%), essentially fatty acid free, product no. A-1887) was
purchased from Sigma Chemical Co. with a molecular weight
of 66 500 Da and containing 585 amino acid residues. All of
these products were used as received. All measurements wer
performed using distilled water with conductivity below$
cmt at 298.15 K. Protein concentration (0.125 mg/mL) was
kept constant in all experiments. The measurements were
performed at 298.15% 0.01 K throughout all the experiments.

2.2. Electrical Conductivity. Conductance was measured by
using a conductivity meter (Kyoto Electronics type C-117), the
cell of which (Kyoto, type K-121) was calibrated with KClI
solutions in the appropriate concentration range. The cell
constant was calculated using molar conductivity data published
by Shedlovski? and Chambers et &.The measuring cell was
immersed in a Polyscience PS9105 thermostated bath, maintain
ing the temperature constant to withir0.01 K.

2.3. ElectrophoresisElectrophoretic mobility measurements
were taken using a Malvern Instruments Ltd Zetamaster 5002.
The cell used waia 5 mmx 2 mm rectangular quartz capillary.
The mobilities were taken as the average of at least 10

measurements, at stationary level, considering their standard®

deviation as the experimental error. The zeta potentials were
calculated from the electrophoretic mobility by means of the
Henry correction of Smoluchowski's equatiéh.

2.4. SpectroscopyDifference spectra were measured using
a Beckman spectrophotometer (model DU 640), with six
microcuvettes, operating in the UWisible region, with a full

evaporate, and the resulting membrane was cut and glued to
the tube. The tube was filled with an internal solution. An Ag/
AgCl electrode made with a silver wire was placed into the
tube and connected to the millivoltmeter by a copper wire
passing through a rubber plug.

The scheme of the electrode is as follows: Ag/AgCl//
reference solution/PVC membrane/sample//AgCIl/Ag. The time
response of the electrode depends on solution concentrations,
added electrolyte, stirring, and conditioning. In dilute solutions,
the time required to get stable emf values was 2 min.

The ion-selective electrodes are sensitive to the respective
free (nonaggregated) ion activity. Working with a diluted ion
solution without protein below critical micelle concentration
(cmc) and assuming that all surfactant present in the solution
is free and that activities depend on concentrations, we made
an emf versus free ion concentration calibration curve. This
calibration curve was employed to obtain the free ion concentra-
tion for the HSA-surfactants interaction.

C8FO lon Selectie Electrodelnsoluble Salt of the Elec-
trode Membrane. The insoluble BC8FO), salt was made
by mixing the appropriate amounts of Ba(Qtdhd C8FO Na*

ef‘aqueous solution.

Internal Solution. The internal solution was made by mixing
equals parts of aqueous solution of 0.01 mordi@8FO™ Na*
and 0.1 moldm~23 KCI containing a small amount of solid AgCI.

C8HO™ lon Selectie Electrode. Insoluble Salt of the
Electrode Membrane. The insoluble 3"6C8HO"); salt was
made by mixing the appropriate amounts oft@O;7); and
C8HO™ Na' aqueous solution.

Internal Solution. The internal solution was made by mixing
equals parts of aqueous solution of 0.01 mord@8HO™ Na*
and 0.1 moldm~3 KCI containing a small amount of solid AgCI.

C12HO lon Selectte Electrode.Insoluble Salt of the
Electrode Membrane. The insoluble ¥6C12HO"); salt was
made by mixing the appropriate amounts oft@O;7); and
C12HO™ Na' agueous solution.

Internal Solution. The internal solution was made by mixing
quals parts of aqueous solution of 0.01 moldr@12HO"
Na'™ and 0.1 mol dm?3 KCI containing a small amount of solid
AgCl.

3. Results and Discussion

Aqueous solutions of the CBHONa/C8FONa and C12HONa/
C8FONa systems have been characterized through electrical

scale expansion of 0.2 absorbance units. For absorbanceconductivity measurements. For the first system, two breaks
difference spectra, five of the six microcuvettes were filled with were observed for all mixed ratios, whose values are the same
protein plus surfactant solutions. The first microcuvette con- as those corresponding to the pure surfactants, suggesting the
tained only protein in the corresponding medium and was used absence of mixing. A similar conclusion was previously reached
as a blank reference. The microcuvettes were filled and placedfor mixtures of fluorocarbon and hydrocarbon surfactants with
in the same position for all the tests. Absorbance was measuredshort chain surfactant§. The critical micellar concentrations

at a temperature of 298.1% 0.01 K using a temperature  (cmgy,) for the C12HONa/C8FONa system are plotted in Figure

controller (Beckman DU Series), based on the Peltier effect.
2.5. lon-Selective ElectrodePotentiometric determinations
were made with a millivoltmeter and a CRISON pH meter. The
millivoltmeter was used with C8FQ C8HO™, and C12H ion-
selective electrodes against a saturated calomel electrode.

1 as a function of the mixed ratioy (subscripts F, H, and m
correspond to C8FONa, C12HONa, and mixture, respectively).
In previous studies for this system, discrepancies have arisen
for cmagy values in the C12HONa rich regidfl” however, in

the present case our values corroborate those reported by De
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Figure 2. Binding isotherms (number of adsorbed surfactant molecules
for protein molecule) of sodium perfluorooctanoate (left-hand plots)
and sodium octanoate (right-hand plots) to human serum albumin at
different mixed ratios ¢) as a function of the logarithm of the total
concentration. The solid lines correspond to the best fits to eq 4. The
inset shows an example of the binding capacity.

Figure 1. (W) Dependence of the critical micelle concentrations (gmc
of the C12HONa/C8FONa system as a functiorgf(O) Interaction
parameter in mixed micelles as a function @f. The solid line
corresponds to the theoretical ganalues predicted by the RST.

Lisi et al1® The cmg, values predicted by the regular solution
theory® (RST) have been plotted in Figure 1 (solid line), and

it can be observed how cmcexperimental values deviate 1500 - - 1500
positively from the ideal ones3 is the dimensionless RST 1350 L J 1350
interaction parameter, which is related to the molecular interac- 1200 1 1200
tions in the mixed micelles. The value ffor the interactions [ i
in a mixed micelle can be calculated from the equafibns 1050 |- 7100
900 |- - 900
2 ]
X,” In(o,ema/(X,.emcy)) —1 Q) 750 L )
(1 — X)?In[(1 — a)emc, /(1 — X,)cma,)] 7 ol Jeoo
In(oy,cma,/(X,cmc,)) =T 1%
= (2) 300 |- - 300
1—X,)? ]
( 1 150 |- - 150
where X; and X, are the mixed micelle composition in b, o . o i .
equilibrium with solution monomers of composition anda, 24 22 20 18 16 14 |og'[§'? 19 A8 17 16 15 14 13

(the mole fractions on a surfactant-only basis, so ¥iat X;

= 1 andas + as = 1). Equation 1 is solved foX;, which is Figure 3. Binding isotherms of sodium perfluorooctanoate (left-hand

plots) and sodium dodecanoate (right-hand plots) to human serum

then replaced in eq 2 to obtafh Hoffmann and Pssnecket’ albumin at different mixed ratiosxj as a function of the logarithm of
have demonstrated by error expansion of eq 1 that the minimumthe total concentration. The solid lines correspond to the best fits to eq
error for in a single determination is nearly GkaT (ks being 4.

the Boltzmann constant antdthe absolute temperature). The

error value rises quickly when one component in the micelle surfactant molecules per protein molecuteas a function of
dominates. Values obtained f@r(in kgT units) as a function the logarithm of the total concentration. All of the isotherms
of o have been plotted in Figure 1. are for the free surfactant concentrations below the,cvatues.

B indicates the nature and strength of the interaction betweenAs could be expected, these plots are characteristic for interac-
two surfactants. In other words, it is a measure of the degree oftion between amphiphilic molecules and globular proteins: a
nonideality in mixed micelles: the larger the negative value of noncooperative binding region at low surfactant concentrations
p is, the stronger the attractive interaction between the two and a cooperative binding at the higher ones. However, some
different surfactant molecules is, and the greater the synergismgeneral features can be observed. First of all, the composition
between them is. Meanwhile, positive values vyield repulsive of the monomer in solution (botti: andoy) is increased, the
interactions (naturallyg = 0 indicates an ideal mixture). Positive  noncooperative region decreases for the C12HONa/C8FONa
f values have been found for our system which is common in system, while in the case of the CBHONa/C8FONa system, the
mixtures of fluorocarborhydrocarbon surfactants. Typical noncooperative region increases foy. These facts are inti-
values of 8 are +2.2 for lithium dodecyl sulfatelithium mately related with the ability to form mixed micelles studied
perfluorooctanesulfonat@ As is the case in several systefis,  at the beginning of this section. On the other hand, the number
was not constant and reflects the changes in the interactionof molecules adsorbed onto the protein is higher for CBFONa
energy when the micelle composition changes. These resultsthan for CBHONa, because of the higher hydrophobicity of the
indicate that there is a repulsion of fluorocarbon against former, but it is similar for CBFONa and C12HONa. In a
hydrocarbon. previous work we demonstrated not only that the cmc of a

The potentiometric data have allowed for the construction perfluorinated surfactant is approximately equal to that of a
of the binding isotherms. Figures 2 and 3 show the binding hydrocarbon surfactant with a hydrocarbon chain 1.5 times
isotherms for the CBHONa/C8FONa and C12HONa/C8FONa longer, but also that the thermodynamic quantities of micelli-
systems on human serum albumin plotted as the number ofzation and apparent volumes satisfy this ratio as well, which
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are related by the relation 1.5. Thus, it is possible that this TABLE 1: Parameter Obtained from Equation 42
relation co_uld be extended to the |nteract|on'W|th macrom_ol- C8HONa/C8FONa System
ecules. A final remark can be made on the basis of a comparison
of the binding isotherms of CBFONa at lowe¢. The value is

o (C8FO)
or

lower when C8FONa is mixed with C12HONa than with
C8HONa: probably the higher length of the alkyl chain of the —(819) @ K m & K
C12HONa when it is adsorbed onto the protein prevents C8FQ" lon Selective Electrode
. - . 0.042 500 1400 3.8 1524 1120 2.7

C8FONa being absorbed onto the surrounding places. A similar 0.25 484 1382 28 1302 1280 22
conclusion has been reached for the interactions between cesium .5 658 1419 3.6 1268 1242 2.2
and tetraalkylammonium dodecyl sulfates and poly(ethylene 0.75 732 1444 24 2041 1211 21
oxide) or poly(vinylpyrrolidone); the larger the counterion radius 1 753 1418 24 1926 1113 16
is, the smaller the interaction 73. C8HO" lon Selective Electrode

The binding isotherms for these systems range upvalues 0.25 211 1250 22 1776 1127 16
of 1395, 1269, and 1350 for pure C8FONa, C8HONa, and 0.5 359 1270 25 1553 1172 25
C12HONa respectively, while at mixed ratios of 50% the 8'32 288 ggg gi ggg ggé i'g
average numbers found were 194/1231 for CSHONa/CSFONa, 1. 413 1328 2..1 2132 1264 2'.9
and 633/762 for C12HONa/C8FONa. Human serum albumin
is composed of 585 amino aciésso with these values we C12HONa/C8FONa System
obtain an approximate value of 2 molecules per amino acid ar(C8FO")
residue, thus suggesting a small clustering of surfactants along or
the polypeptide chain. Such a cluster size is far from the _®(C8HO) & K M % Kz Ny
aggregation numbers of the corresponding micelles and which C8FO lon Selective Electrode
is typical for interactions between surfactants and polymersand ~ 0-25 546 1065 63 1329 929 23
proteins. However, these data do not enable us to draw any 8'35 ggg E‘ég “gg iggg ﬂj(?) j“;
conclusions about the uniformity of binding along the polypep- 1 753 1418 24 1926 1113 1.6
t@e chain, although it is likely thqt blnd!ng is g'reater' (and cluste.r C12HO- lon Selective Electrode
size larger) around hydrophobic amino acid residues and in 0.25 580 1236 4.6 1289 1100 28
hydrophobic cavities in the protein and less around hydrophilic 05 567 1312 4.8 1426 1178 3.2
residues. 0.75 684 1395 4.3 1538 1190 2.6

A powerful tool in obtaining greater knowledge about the 1 749 1408 44 2066 1204 24
binding isotherms is the binding capacity which is defined,  agstimated uncertainties+15% for Ky, Kz, g, and£10% for g;,
considering the ideal behavior, by Ny, andn;.

0= (@) _ ( v ) 3) cooperative, the binding of a ligand enhancing the binding of
Wifrpy., \2.30RTalog[S)/rp, subsequent ligands, thus highlighting the importance of the

hydrophobic interactions. Hill coefficients are higher for the

whereR is the gas constant, the absolute temperature, the C12HONa/C8FONa system where the existence of mixed
chemical potential of the ligand i, and [S] the free surfactant micelles h_as alree}dy been revealeql. AS|m|Iar behavior has b.een
concentration. This quantity represents the change in the numbefound for interactions between cationic surfactants and bovine
of moles of ligand per mole of macromolecule that accompanies S€rUmM aI_bum|r¥.6 ) o

a change in the chemical potential of that ligand and provides ~ The Gibbs energies of binding per mole of surfacta¥(s{)

a measure of the steepness of the binding isottrithe were calculated from the Wyman binding potentia) derived
binding capacity curve can easily be obtained from the slope from 'Fhe area under the binding isotherms according to the
of the curves represented in Figures 2 and 3. The binding equatiod’

capacity curve consists of a series of consecutive maxima, the

number of which is equal to the number of binding sets. For 7 =230RT
our systems the number of maxima found was two, consequently

the binding data were adapted to the Hill equation for two Sets 1pg hinding potential is related to the apparent binding constant,
of binding sites: Kapp as follows:

loglSh _
log[Sho *

d log[S] (®)

_aish | [ uals)” @ = RTINL + Koy fST) ©
L+ KSD™ |1+ (<JS)"

The Gibbs energy of binding is calculated from
whereg;, Ky, ng, andgp, K, ny, are the number of binding sites,
the binding constant, and the Hill coefficient for the first and AG. = — R_Tm K 7
second binding sets, respectively. The results obtained from the Y v app
fitting of experimental points to eq 4 are listed in Table 1. Two . . . .
interesting conclusions can be extracted from these results. For  On the basis of the high number of previously obtained
all systemsKj is higher thark, andg, is higher thargy. The blndlng s_ltes where a ligand can be adsorbed, there is a statistical
first result indicates that initial binding is stronger while the Ccontribution that cannot be neglected, except for the totally free
second result, more binding sites in the second step, could@nd saturated prote_ﬁ%.'_l’hus, the following relation can be
indicate that the protein is unfolded, making the hydrophobic considered for the binding of ionic surfactants to proteins:
residues accessible to the surfactant molecules. Values, for K —0 K 8)
andn, are higher than 1, meaning that the binding is positively app 91,9,V “app,int
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Figure 4. Gibbs energies of interaction per mol of HSA as a function  Figure 5. Gibbs energies of interaction per mol of HSA as a function

of the number of sodium perfluorooctanoate (left-hand plots) and of the number of sodium perfluorooctanoate (left-hand plots) and

sodium octanoate (right-hand plots) molecules bound to the HSA sodium dodecanoate (right-hand plots) molecules bound to the HSA

molecule ¢). molecule ).

where Kapp,int @and Qq,,» are the apparent intrinsic binding
constant and the number of arrangements associated with the
formation of a complex formed by the protein amdigands,
respectively. The number of arrangements is given by

—o0—a=0 —&—=0.5
—0—0.=0.25 —v—0.=0.75

0! s
Q 5 — T <. 9 )/—O\_/o/o
9" (g, — V)W ©) % R
when? < g; and by 'g
©
92! lgl, * —o—a=1

(10)

k&

Q=
5 (g, — (7~ g7 — 9!

wheng; < v < Q.

Thus, the Gibbs energy of binding can be writtem\d3; =
AGstaty + AGinty Where AGgay and AGini 5 are the statistical
and intrinsic Gibbs free energy of binding per mole of ligand,
respectively, defined as

Zeta potential (mV)

8
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Figure 6. Zeta potential of the HSAC8HONa/C8FONa system at

different mixed @) ratios as a function of the total concentration. The
inset shows the zeta potential of the HSE8FONa systemoE = 1).

AGoo=—Tino (11)

staty v 00,0,V

-40
—0—a.=0 —4— =05

and 45 —0—0=025 —v—a=075

X

AG, = — %Tm K (12)

app,int

Figures 4 and 5 shoWG; as a function o for the systems
under study. The shape of these curves showsAftis large

&
153
T

tential (mV)

J _, . . h X 5 5
and negative at low values @f where binding to the h|gh_— 3 ,f //0,& /
energy sites occurs, and gradually decreases as saturation iS | / %

l/

approached. The breaks in the plots correspond to the saturatiorg 75 [ //'g'/ / W
of the first binding set, and are due to the large change in the™ [ //f'//‘ 7 %
statistical contribution. Some differences can be observed - 7 %/7/"
between the system under study, which can help us to gain A
quantitative understanding of the influence of the interactions -0 _ o
between fluorocarbon and hydrocarbons on protein adsorption. 0010 0015 0020 0025 0030 0035 0040 0.045
In the calllse ﬁf the CSI:ONEIC8FP?N6|1 systefm, the b:jeaks rfemain S] (molkg™
practically the same for alt, wit \(a ues o .411 and 752 for Figure 7. Zeta potential of the HSAC12HONa/C8FONa system at
gg?gﬂ: tig(;ectz)srggk’:%in:?:irs)ﬁ(\:/tvlﬁgﬁavr\:gi”neg ;?csz%s;dONa/ digerent mixed ZF) ratios as a function of the total concen{ration.

! ) F
6_ 51)) ?O?%r? e(l(thH%I?l)a?ggljgl{ln a7sA;/65i(eHm_, t%\)etg astzgat(ix (';n_of the Same sites. These facts lead tp one idea: the a(_jsorption process
first binding set is independent of the presence of the other (85 Well as the staked energies) of C8FONa is more closely
surfactant; this means that both surfactants have different followed by C12HONa than by C8HONa.
favorite adsorption sites along the protein. However, for the  Figures 6 and 7 illustrate the zeta potentials of the HSA
C12HONa/C8FONa system, both surfactants compete for the CBHONa/C8FONa and HSAC12HONa/C8FONa systems,

\
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respectively, at different mixedxf) ratios as a function of the 09
total concentration.

The surface charge density enclosed by the shift plane was
calculated by means of the following relation for zz 07
electrolyteé®

0.8

06 (b)
B ereokBT/cr _[ezx 4 er g:; 05 \\x
0=—23 |.2 SInI‘(ZkBT) +atan W)] (13) % sl
§ 03 N

wheree is the elemental chargey and ¢, are the dielectric
constant of vacuum and the relative constant of the sohzent, 02k |
is the particle radius, andis the reciprocal Debye length. The 01

P —

< — |
values of the calculated charge vary for each of the systems \_./\
studied, the lowest values changing frer@.1 to—3.7 uC cn2 00F @) S
(corresponding to the lowest and highest concentrations of the 250 275 300 325 350 375 400
surfactant) for the HSAC8HONa system. On the other hand, A (nm)
the hlghGSt. Values. found correspond to the H_SAEZZHO.Na Figure 8. Difference absorption spectra of HSA (0.125% w/v) in the
system which varies from-8.2 to —11.7 uC cm* (with presence of the CBHONa/C8FONa system= 0.25) at different total
maximum values at intermediate concentrations-G2.6 uC concentrations from (a) 0.0075 to (b) 0.35 motkg
cm~?). The net charge density of HSA at pH equal to 77
uC cm2, with I, 1l, and Il domains having individual charges 035

of —11, =7, and+1 uC cn1?, respectively°

The zeta potential and surface charge density of both 030
quantities exhibit the same pattern in both systems. The zeta
potential initially shows a small plateau followed by a sudden 025
decrease and finally an increase at higher concentrations. Giveng
that the net charge of albumin is negative, this increase in the § 0.20
negative charge of the complex is the result of the hydrophobic §
nature of both surfactants and the presence of hydrophobicé 0.15
cavities in the protein structué@.It is worth noting, however, s
that the initial plateau for the HSAC8HONa/C8FONa system 0.10
decreases with, a fact correlating with the breaks found for
the Gibbs energies of CBFONa. Although those breaks occur s
at fixed v (see Figure 4), different concentrations correspond

to this value depending oar (see Figure 2). Moreover, and 0.00 . .
following the same line of reasoning, for the CBHONa Gibbs 260 280 300
energy break, a value of 0.15 M for [S] has been found. Thus, A (nm)

the intermediate area of the zeta potential plots characterizedrigure 9. Difference absorption spectra of HSA (0.125% wiv) in the
by the sudden decrease and increase will be limited by the presence of the C12HONa/C8FONa systera £ 0.25) at different
saturation of the first binding set of CBFONa and C8HONa, total concentrations: (a) 0.0075, (b) 0.006, and (c) 0.0067 mot kg
respectively. A similar conclusion can be extrapolated for the Plotted with dash line, and from (c) to (d) 0.03 molRgplotted with
other system under study. solid line.

Despite the high degree of correlation between the different
plots, one important difference has been found when present in the solutiof? and if we assume that the surfactants
increases: for the HSAC8HONa/C8FONa system, the zeta do not contribute to the absorption spectrum (in these systems,
potential shifts toward more negative values, while for the in the near-UV, the major factor responsible for the absorbance
HSA—C12HONa/C8FONa the shift is toward more positive is tryptophan with a maximum at 280 Afj then we can
values. This fact is not surprising considering that the differences conclude that the surfactant mixture spreads equally over the
in the binding process between the two systems previously total of protein molecules present in solution. Differences in
described could arise in several protein conformational states.the spectra corresponding to both systems under study are

To gain quantitative understanding of the binding process, basically limited to the existence of a peak (just at higher
the electrical contributions to the Gibbs energies of binding can concentrations) of the HSAC8HONa/C8FONa system, at 345
be estimated from the expressi&z,es;, wherez is the charge nm. On the other hand, we have not found red shifts in the
on the adsorbing ion (here;1), e is the electronic charge per  spectra at any concentration for our systems. In previous studies
mole, and{; is the zeta potenti@ From the zeta-potential it has been found that the binding of octanoate or dodecanoate
values, the electrical contributions of the total Gibbs energies results in red shifts of the protein spectra because of the
of binding change from 8% at low values to 38% at high  perturbation of tyrosine and phenylalanitélhe lack of shifts
ones (for the HSAC8HONa/C8FONa system) and from 21% in our plots could therefore be explained by assuming a
to 67% (for the HSA-C12HONa/C8FONa system). tryptophan blue shift due to its interaction with perfluoro-

Difference absorption spectra of HSA in the presence of octanoate.
C8HONa/C8FONa and C12HONa/C8FONa are presented in  Figures 10 and 11 show the absorbance changes for the
Figures 8 and 9, respectively (spectra corresponding to the othersystems under study for the 280 nm difference spectra band as
mixed surfactant ratios follow the same pattern). First of all, a function of total concentration. The plots show that while for
the lack of isobestic points reveals that only one species is the HSA-~-C8HONa/C8FONa system there is a gradual change
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hydrocarbon surfactants with a hydrocarbon chain 1.5 times
longer than the corresponding fluorocarbon have similar patterns

06 in the presence of globular proteins.

Two binding sets have been proposed for the two systems
under study. However, taking into account the binding isotherms
- and the Gibbs energy of binding, we have found that for the
£ o4 C8HONa/C8FONa system, the saturation of the first binding
§ set is independent of the presence of the other surfactant,
prs whereas for the C12HONa/C8FONa system, both surfactants
2 compete for the same adsorption sites onto the protein.

02 Zeta-potential measurements show a transition area for both
systems whose limits are very close to the break points obtained
from Gibbs energies of binding. However, when the C8FONa
ratio in the mixture is increased, the zeta potential of the HSA

0.0OO - 0'1 - 0'2 - 0'3 - o C8HONa/C8FONa system shifts toward more negative values,

: : ) ) : while for the HSA-C12HONa/C8FONa system, the shift is
[S] (mol kg™) toward more positive values. This fact could be related to
Figure 10. Absorbance of HSA in the presence of CBHONa/C8FONa different protein conformational states. Thus, changes in protein
at different mixed ratios. conformation, such as unfolding, very often lead to large changes
0.26 in the UV—vis emission. The absorbance of the HSA
. —0—a=0 C8HONa/C8FONa system exhibits an increase of the total

024 - —0—0,=0.25 concentration, but for the HSAC12HONa/C8FONa system

022 | —5—0,=0.5 there is a steep initial decrease followed by an increase. In the

020 [ first case, the absorption spectra indicate that the unfolding

1 process of HSA involves only a native and unfolded state; that
£ 018 - is, the reaction follows a two-state process. However, in the
S ol second case, the plots point out that at least one relatively stable
Q - intermediate was formed during the unfolding of HSA.

é’ 04 Finally, we would like to point out that the picture of the
< 012 mixed fluorocarbon/hydrocarbon/HSA system reported here
010 - could provide a key that paves the way for future biochemical
- S and biomedical applications, for example, in the recovery of

0.08 - proteins and in the formation of protein based Hel.

0.06 |-

0 oo oois ool oo oom Acknowledgment. The authors acknowledge financial sup-

p port from the Spanish Ministerio de Educaeip Ciencia, Plan

[S] (mol kg") Nacional de Investigacio(l+D-i), Grant MAT2005-02421 and
Figu_re 11. Ab_sorbanqe of HSA in the presence of C12HONa/C8FONa from the European Regiona| Deve|0pment Fund (ERDF) Paula
at different mixed ratios. Messina thanks Fund&eicAntorchas (Project 14308-110) and

in the absorbance, for the HSAC12HONa/C8FONa system Banco Ro, Argentina, for her grant.
thert_e_ls a transition region over whlch the ab_sorbance undergoeﬁ?eferences and Notes
significant change with concentration. It is well-know that
proteins undergo changes in their natural state by the action of (1) Ananathapadmanabhan, K. Hteraction of Surfactants with
surfactant®’ Thus, the data suggest that, upon interaction with POlymers and Protein<CRC Press: Boca Raton, FL, 1993,
L . (2) Sun, M. L.; Tilton, R. D.Colloids Surf., B2001, 20, 281.
both systems, HSA undergoes a more significant change in (3) shinoda, K.: Nomura, TJ. Phys. Cheml98Q 84, 365.

conformation with C12HONa/C8FONa. (4) Funasaki, NMixed Surfactant Systemidarcel Dekker: New York,
1993.
4. Conclusions (5) Ruso, J. M.; Taboada, P.; Martinez-Landeira, P.; Prieto, G.;
Sarmiento, FJ. Phys. Chem. R001, 105 2644.
The complex formation between HSA and sodium perfluo- (6) Messina, P.; Prieto, G.; Dodero, V.; Ruso, J. M.; Schulz, P. C,;

; ; armiento, FBiopolymers2005 79, 300.
rooctanoate/sodium octanoate and sodium perfluorooctanoate/’3 (7) Messina, P.. Prieto, G.: Ruso, J. M.: Sarmientd.FPhys. Chem.

sodium dodecanoate systems at different mixed ratios has beer 205 109 15566.

studied using different experimental techniques and theoretical  (8) Blanco, E.; GonZaz-Peez, A.; Ruso, J. M.; Pedrido, R.; Prieto,

models. The results obtained are summarized as follows. As aG. (FQ)SErmjergo,gJ. $020'?3 'ntfflfgcg 30'209515;393 125476975

7 H : H u, J. R.; su, . J.J Penlola, dangmuir ) .

first step, vv_e have_ studied the solution _propertles .Of the (10) Kissa, EFluorinated Surfactants: Synthesis, Properties, Applica-

surfactant mixtures in the absence of protein, concludlng t.hat tions Marcel Dekker: New York, 1994.

the C12HONa/C8FONa system forms mixed micelles with  (11) Carter, D. C.; Ho, J. XAdv. Protein Chem1994 45, 153.

repulsive interactions while the CBHONa/C8FONa system does  (12) Shedlovsky, TJ. Am. Chem. Sod.932 54, 1411.

not form mixed micelles (13) Chambers, J. F.; Stokes, J. M.; Stokes, RJ.HPhys. Chenil 956
L ' 60, 985.

The binding isotherms were subsequently constructed. From *(14) Hidalgo-Alvarez, RAdv. Colloid Interface Sci1991, 34, 217.
these plots we observed how the cooperative binding is higher (15) Shinoda, K.; Kobasashi, M.; Yamaguchi, NPhys. Chen987,
for the C12HONa/C8FONa system which is the only system 91, 5292. = - _ _ ,
able to form mixed micelles. The number of molecules adsorbed 13(12)2 De Lisi, R.; Inglese, A.; Milioto, S.; Pellerito A-angmuir1997,
onto the protein is similar TOI‘ C8FON.a and ClZ.HONa which ’(17) Stimson, M. FAm. J. Phys1955 23, 614.
have similar cmc and solution properties. Thus, it could be that  (18) Clint, J. H.J. Chem. Sog¢Faraday Trans. 11975 71, 1327.



H J. Phys. Chem. B PAGE EST: 7.2

(19) Rubingh, D. NSolution Chemistry of Surfactant8lenum Press:
New York, 1979.

(20) Hoffmann, H.; Pssnecker, GLangmuir1994 10, 381.

(21) (a) Moya, S. E.; Schulz, P. Colloid Polym. Sci1999 277, 735.
(b) Schulz, P. C.; Minardi, R. M.; Ruano, Eolloid Polym. Sci1999
277, 837. (c) Mukerjee, P.; Yang, A. Y. S. Phys. Cheml976 89, 1388.

(22) Miyagishi, J. H.; Ishibai, Y.; Asakawa, T.; Nishida, M. Colloid
Interface Sci1985 103 164.

(23) Benrraou, M.; Baley, B.; Zana. R. Colloid Interface Sci2003
267, 519.

(24) He, X. M.; Carter, D. CNature 1992 358 209.

(25) Bordbar, A. K.; Saadati, Z.; Sohrabi, Ncta Biochim. Pol2004
51, 963.

(26) Rafati, A. A.; Bordbar, A. K.; Gharibi, H.; Amino, M. K.; Safarpour,
M. A. Bull. Chem. Soc. Jpr2004 77, 1111.

(27) Jones, M. N.; Chapman, Micelles Monolayers and Biomem-
branes Wiley-Liss: New York, 1995.

Blanco et al.

(28) Bordbar, A. K.; Saboury, A. A.; Housaindokht, M. R.; Moosavi-
Movahedi, A. A.J. Colloid Interface Scil997, 192 415.

(29) Quesada-Perez, M.; Callejas-Fertez, J.; Hidalgo-Alvarez, R.
Colloid Surf. A1999 159, 239.

(30) Peters, T. JAIl About Albumin: BiochemistryGenetics and
Medical Applications Academic Press: San Diego, CA, 1996.

(31) Kragh-Hansen, UPharmacol. Re. 1981, 33, 17.

(32) Hunter, R. JZeta Potential in Colloid Sciencécademic Press:
London, 1981.

(33) Connors, K. ABinding Constants: The Measurements of Molecular
Complex StabilityWiley: New York, 1987.

(34) Lakowicz, J. RPrinciples of Fluorescence Spectroscpgjuwer
Academic/Plenum Publishers: New York, 1999.

(35) Polet, H.; Steinhardt, Biochemistryl968 7, 1348.

(36) Sesta, B.; Gente, G.; loviono, A.; Laureti, F.; Michiotti, P.; Paiusco,
O.; Palacios, A. C.; Persi, L.; Princi, A.; Sallustio, S.; Sarnthein-Graf, C.;
Capalbi, A.; La Mesa, CJ. Phys. Chem. B004 108 3036.



