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Hofmeister effects in membrane biology: The role of ionic dispersion potentials
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Membrane biology is notorious for its remarkable, and often strong dependence on the supposedly irrelevant
choice of ion pair of background salt solution. While experimentally well known, there has been no progress
towards any real theoretical understanding until very recently. We have demonstrated that an important source
behind these Hofmeister effects is the ionic excess polarizabilities of ions in solution. Near an interface an ion
experiences not only an electrostatic potential, but also a highly specific ionic dispersion potential. At biologi-
cal concentrationgaround 0.M and higher when the electrostatic contribution is highly screened this ionic
dispersion potential has a dominating influence. We present the result of model calculations for the interfacial
tension and surface potential that demonstrates that inclusion of ionic dispersion potentials is an essential step
towards predictive theories. Our results are compared with experimental surface and zeta potential measure-
ments on phospholipid bilayers, zirconia, and cationic micelles.
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[. INTRODUCTION persion potentials acting between ions and interface must be
included in the theory. When this is done ion specific results
Hofmeister, or specific ion, effects are as ubiquitous inemerge naturally1,27,24. An important question that re-
biology and colloid science as they are ignofdg2]. Ex-  Mains is to what extent the inclusion of ionic dispersion po-
amples abound, surface tension of electroly@sinterfacial tenuals is sufﬂqgnt to explaln. specific Hofmeister (_affects.
work of adhesion at electrolyte-oil interfacéd,5]; force ~ Other ion specific properties like water struct@9], ion
measurementi, 7], zeta and surface potentidB—14], pH size, dielectric constant variation near the mterface, so_lva—
measuremenfd5—17, ryanodine binding to calcium release tion, electronegativity, counterion and co-ion exclusion
channels [18]; cutting-efficiency and stability of DNA 30,31 may clearly also be important, as may be the role of
[19,20; and formation of silicatef21]. We will demonstrate  dissolved gag32]. lonic dispersion potentials have an im-
that a model originally proposed by Ninham and Yaminskyportant role in the ion specificity of surface tensi@v,33,

[1] offers an explanation for the ion specific surface and zet&ouPle-layer force§28], ion binding to micelleg34], poly-
potential of membranes, cationic micelles, and zirconia. We!€ctrolyted 35], andpH measurements with glass electrodes

will also discuss how this model can accommodate the ext17] . . . .
perimentally observed ion and alcohol specific oil-water in-  1he ion specific double-layer theory is rehearsed in Sec.

terfacial tension, as well as leading to different perspectived- 'on specific oil-water interfacial tensions and other ion
on the origin of membrane folding. specific alcohol effects are considered in Sec. Ill. We discuss
The standard Gouy-Chapman mean-field thd@8-24 why the ionic dispersion potential near an oil-water interface,

commonly and often successfully used in theoretical modelSimilar to the chemical potential of differentalkanes, de-
ing in membrane biology and colloid science, rely on elecPend both for sign and magnitude on the chain length of

trostatics, which in turn rely on the ionic charge. Accordingdiﬁere”t hydrocarbons. We show that large attractive ionic

to this theory all salt solutions with the same valency should/iSPersion potentials acting on anions at biological concen-
be equivalent. Deviations from this theofwhich occur trations result in negative interfacial tension changes. We

commonly and are often very larghave been attributed to briefly consider how these ic_)n specific alcohol effects.influ—
binding of unknown origin8], sometimes associated with €Nce the seIf-assemny of silicates. We ldemonst.r.ate in Sec.
ion specific water structure effectdue to ions supposedly IV how a fe\{\/ eXperlmemally_measurefd ion specific surface
being either “structure breaking” or “structure creating” a_m.dg potentials of cationic micelles, zirconia, an_d phosphp-
[25]). An important step towards a solution of the problem!iPid membranes can be understood once ionic dispersion
and predictive theories is to realize that the original doublePotentials are included in the theory. In Sec. V we summarize

layer theory of charged interfaces in salt solutions is thermo@Ur résults and discuss a mechanism in which the folding of
dynamically inconsistenfl,26]. For consistency ionic dis- membranes_ and proteins is a natural consequence of alcohol
and Hofmeister effects.

. e Il. ION SPECIFIC DOUBLE-LAYER THEORY
*Electronic address: mabos@ifm.liu.se

Present address: Department of Chemistry and CSGI, University The model system that we consider is an aqueous solution
of Florence, 50019 Sesto Fiorentino, Italy. of negatively charged monovalent anions and positively
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charged monovalent cations each with bulk concentratijpn neglect the effects of ion-ion interactions. For dissolved ions
and chargee outside a charged impenetrable planarnear a membrane-water interface the image potential is re-
[1,27,28, or spherical[34], membrane surface. The self- pulsive and screened:

consistent potentia$p outside the charged surface is found 5
by solving numerically(using the method of relaxatipthe Ae

non-linear Poisson-Boltzmann equation, Uimagd %)~ 167 e, €0X X~ 2xpX), ®
V2p=—e(c,—c_)l(eyep), (1) whereA=(e,— €,i1)/(€w+ €0i)) ~1. Heree,; is the dielec-
tric constant of the oilmembrang Since the dielectric con-
with the ion concentrations given by stant of any oil is much smaller than it is for water, we can,
as far as the image interaction is concerned, take it to be the
C.=Coexp(— B[ xedp+U.(r)]). (20 same for all relevant oils €,;,~2). The inverse Debye

_ _ length iskp = \(28e%c,)/(€ge,,). The image potential is in-
Here 8=1/(kgT), kg is Boltzmann constanfl is tempera-  dependent of both the sign of the charge and the particular
ture, ande, is the dielectric constant of water. Furthermore, (monovalentionic species. The dispersion potential between

U..(r) is the interaction potential experienced by the ions. Inan jon and a planar surface is approximaf&pwith,
case of a planar surface the Laplace operator in the Poisson-

Boltzmann equation is Udispersiod X) ~B/x3,B~(nf—nZ)a* (0)hwi/8. (9)
V2p=d?p/dx?, (3)  Here,n,, (ny;) is the refractive index of wateoil), 7 w; is
an effective electron affinity for the ion and*(0) is the

while for a spherical system it is static excess polarizability of the ion, in water. An approxi-

mate expression for the ionic dispersion potential near a
spherical surface is given in our previous work on ion bind-

1d( ,d¢
_( “ar ) “ ing to micelles[34].

240 _
V(ﬁ_rzdrr dr

The apparent worry about a mean-field theory of this kind toj|. INTERFACIAL TENSION AND OTHER HOFMEISTER

deal with electrostatics—a theory which ignores activity EFFECTS AT THE OIL-WATER INTERFACE
coefficients—is obviated by the fact that complete hypernet- o . . .
ted chain (HNC) calculations[36] show that HNC and Hauxwell and Ottewill investigated the spreading of five

Poisson-Boltzmann give practically identical results for in-N-alkanes on watef38]. They found that pentane, hexane,
terfacial tension calculations at the air-water interface. In théind heptane form stable wetting films while octane and
present calculations we will assume that the surface charge dodeca_ne do not. These hydrqcarbons are very S|mllar and
is constant and uniformly distributed on the surface. This cafave simple dielectric properties. Even though the differ-
be shown to be an excellent approximat[]. The bound-  €Nces in dlelectrlg: _propertles are small_ they have dem_on-
ary conditions for the Poisson-Boltzmann equation for a plaStrated to be sufficient to change the sign of the chemical

nar surface are potential[38,3g. The dielectric function at the relevant op-
tical and ultraviolet frequencies are largemalle) for dode-
do cane(pentang than it is for water, explaining the change in
Tl ol ey€q 5 sign. Near an oil-water interface the sign of the ionic disper-

sion potential in precisely the same way can be either posi-
tive or negative. Consider, for example, a highly polarizable

and anion such as bromidéwvith a large excess polarizability
do Near an air-watefmica-watey interface the ionic dispersion
ﬁ“‘:(b(m):o’ (6)  potential will be large and repulsivéattractivg. Near an

oil-water interface on the other hand, the sign of the ionic
dispersion potential changes sign, as for the chemical poten-
Sial, proceeding from a short-chain to a long-chain hydrocar-
bon (while it is to oversimplify things to correlate the dielec-
dé tric properties of oils with chain length, it functions as an
(F+Tion)2 =i —r 47 =—Qul(4megey). (7)  useful rule of thumh The effect of neutral salts on the solu-
dr '~ m™ion bility of proteins has been interpreted in terms of electro-

. ) . . static (salting-in and hydrophobidsalting-ouj effects. An

Herer, is the radius of the micelle an@®,, is the total approximate expression for the solubility [8)) in a salt

while for a spherical surface the boundary condition at th
surface is replaced with

charge on the micelle. _ _ _ solution was given by Melander and Horva#0],
The interaction potential acting on ions near an interface
will in general receive contributions from many different IN(S)~In(Sy) — (AGga, + AG s )/(RT), (10

sources such as electrostatic, image, ionic dispersion poten-
tials between ion and interface, and ion-ion interactifos ~ where In&) is the solubility of pure waterAG.,, is the
example, electrostatic, dispersion, and hard cdrere we  Gibbs energy change for the formation of the cavishich
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is approximately proportional to the interfacial tengioand L ’ ‘
AG. is the electrostatic energy between the solvent and
solute. Water solubility is well known to follow a Hofmeister
series that correlates with the corresponding series for the
surface tension of salt solutions. It is for this and many other
reasons clearly of interest to investigate the role of ionic
dispersion potentials which underly the Hofmeister effects at
an oil-water interface.

Aveyard and coworkerf4,5] demonstrated that the work
of adhesiorf W(m) ] of decanol, dodecane and other oils as a
function of salt molality(m) could be described by 5 58 Bi o6 08 A

Concentration (M)

dy/dc (mJ m® mol™ litre)

W(m)=W(0)+Am, (11

FIG. 1. dy/dc as a function of salt concentration for three dif-
Ferent combinations of ionic dispersion coefficients acting on the
ions (B, =0 Jn¥, B_=10 [dashed ling 0 [solid line], and — 10
X 1075° In? [dotted ling).

whereA is a constant that depends on the choice of ion pai
and oil. The magnitude oA typically follows a Hofmeister
series, KCKKBr<KI. This is the Hofmeister series found
for the surface potential of micellgg/hich will be discussed
briefly in the following sectiohand for the osmotic pressure
measurements of Duboi®t al. [6]. According to the
Onsager-Samaris limiting lay¥1,27], all salts should have
the same interfacial tension change with added salt irrespe

tive of the choice of monovalent salt, and it should be almosg b d for th ubil ¢ . d oth
identical for all kinds of oils. This is not what is seen experi- '€CtS observed for the solubility of proteins and other mac-

mentally. The interfacial tension change follows a Hofmeis—romOIeCUIe,S' They .S.hOU|d also have a qgite ﬁmportant role in
ter series, and it can be either positive or negative. Aveyard1® formation of silica. Mesoporous silica is formed as a
et al. suggested that the origin of this Hofmeister series jcooperative Se!f-assem_b_ly of S|I|cate_s ar_ld organic _surfactant.
due to the fact that the ions experience not only image ana’he induction time for silicate formation in the alkaline route
electrostatic forces, but also some additional force. We hav&'¢'€ase€s W.'th r;[he Tag:nt_ude oflthe pOIa”bzab”.'(tjy Or: the
recently demonstrated that a dominating contribution to this?ou”ttﬁ“c,’gs In the Sﬁ,t SO U“‘?(B-QF ongeT forf oromide t .?”
additional force is the ionic dispersion potential. When it isiOf chioride [21]. This ion specific result of “ion specific

taken into account theoretical calculations give the right or-b'nd'ng" is easy to understand, once ionic dispersion poten-

der of magnitude for the surface tension of air-water inter-ials are included in the formalism. The negative anions com-

face[27,33. The interfacial tension at oil-salt solution inter- PEte electrostatically with the negatively charged silicates.

faces and the corresponding ionic dispersion potential?.romidfa Is more.effective t_han chlpride due to larger i_onic
obviously depend strongly on the choice of oil. While thed_lspe.rsmn potentials. More interesting forthe present discus-
ionic dispersion interaction is repulsive for highly polariz- Sion iS the effect of 1-alkanols as additives. Compared to the

able anions near an air-salt solution interface, it can be eithdrdSe without alcohol, the addition of short chain alcohols

positive or negative near an oil-salt solution interface. The€-9-» €thanol or 1-propanotlecreases the induction time.
One important reason for this must be that besides the elec-

Gibbs interfacial tension increment of a salt solution is given ; . : .
by Ref.[27] trostatic attraction on _the counterions there .v.wII also be a
repulsive ionic dispersion potential. The addition of longer
. chain alcoholqe.g., 1-butanol or 1-pentandhas the oppo-
dyldc= _kBTJ dx[c. +c_—2co]/co. (12)  site effect, increasing the induction time. Longer chain alco-
0 hols increase the adsorption of counterions which leads to

less silicate adsorption and a longer induction time.

These ion specific alcohol effects have not only been ob-
served for the interfacial tension of oil-water interfaces. They
are presumably involved in many of the Hofmeister effects
@bserved in membrane biology. They should be one impor-
ant source behind the ion specific salting-in/salting-out ef-

The numerically evaluated values fdry/dc(c) at an oil-
water interface is shown in Fig. 1. In order to focus here on
anion effects for three different oils we neglect the ionic
dispersion potential acting on the cation. We consider three McLaughlin and coworkers demonstrated that the surface
examples of ionic dispersion coefficients for the model aniorpotential of bilayer membranes not only depend strongly on
(B_=10 [dashed ling O [solid line, and —10 the supposedly irrelevant choice of ion pair, especially on
X 10 °0Jn? [dotted ling). Only at extremely diluted salt anions[9] but also on cation3]. As should be evident from
solutions do all three curves approach a common Onsagethe discussion in the previous section it also depends on the
Samaris limit. At biological and higher concentrations thechoice of oil. Electrostatic properties of equally charged
sign and magnitude of the ionic dispersion potentials determembranes can be very different since differences in the
mine the surface tension increment. This demonstrates whgielectric properties may cause a reversal of the sign of ionic
the addition of salt in some cases can result in a decrease dfspersion potentials. McLaughliat al. could relate their

the oil-water interfacial tension. different results to a Hofmeister series. However, as they

IV. ION SPECIFIC SURFACE POTENTIALS
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FIG. 3. The potential near an acidic membraméth average
-120 unit charge area of 6807 in the presence of 0.156 salt solu-
.0.15-01-005 0 0.05 0.1 0.15 tions (B,=0, B_=-20 [dashed ling O [solid ling]

Surface Charge Density (C/m?) X 107%° JnP).

FIG. 2. Membrane surface potential as a function of surfacg '0N2€r0 surface potential (_)f heutral bilayers measured W.ith
charge density for four different combinations of ionic dispersionanlonlc f!uorescent probgs in the presence O,f KCl was attrib-
coefficients acting on the anions and catiofi® units of uted ?nt'rely to adsorpt'on, O_f the probe anidig]. HQW'_
10750 Jn?): 0,0 (solid line); —5,— 30 (dashed ling —5,0 (circles; ~ €Ver. itis clear that there will in general also be contributions
0,— 30 (crosses from background salt due to ionic dispersion potentials spe-

cific for each ionic species. Large attractive ionic dispersion
pointed out “the forces which cause chaotropic anions taPotentials acting on the anions can even reverse the effective
adsorb to an air-water interface are not well understd@j” charge of the surface, and lead to co-ion adsorption. This
and there is little consistency among various quantities thakind of charge reversal has in fact been observed in experi-
are related to “structure-making” and “structure-breaking” mental zeta potential measurements of TZ-0 zircdaid.
ions. Inclusion of the ionic dispersion potential is a vital stepThe surface charge was modulated in that case by changing
to understand the dependence on ion pair in membrane biolhe pH. While neither the meaning gfiH measuremen{s7]
ogy. When it is included we can begin to understand why amor that of surfaceH [42] is trivial (depending as it does on
anion that is attracted to one surface may be repelled from 8alt concentration, measurement technique, buffer, counter-
very similar surface. Lipid bilayers are important due to theion, and notably also on co-ipit is clear that one important
fact that they are good model systems for biological memeffect of changingpH was to change the surface charge den-
branes. One other appealing character that make lipid mensity. The result found by Franket al. with CI™ as a counter-
branes suitable as model systems for investigation ofon is very similar to what we obtain for anions that experi-
Hofmeister effects is that different bilayers may have differ-ence small attractive(or repulsive ionic dispersion
ent surface charge density, including uncharged bilayers, angbtentials. For highly polarizable anioriehich may have
different optical propertiegthat give rise to different signs very large attractive ionic dispersion potentjalsuch as
and magnitudes for the ionic dispersion potenjialge will 105 , they found a charge reversal of exactly the same form
illustrate the importance of including ionic dispersion poten-as the result presented in Fig. 2.
tials in this section with a few numerical examples, discussed The phenomenological ion binding model used so widely
in the light of experimental results. in surfactant chemistry and with NMR to characterize bind-

The importance of short-ranged ionic dispersion potening to interfaces and proteins is precisely equivalent to a
tials depend critically on the magnitude and sign of the surPoisson-Boltzmann descriptio3—45. Measurement of
face charge density. Take for example the ionic dispersiobinding of calcium to protein at air-water interface is differ-
potential acting on anions. It should always have a largeent to binding to the same protein immersed in a membrane.
effect on ion distributions and surface potentials near neutralhis is accommodated when ionic dispersion potentials are
and positively charged surfaces. However, for highly chargedhcluded in the theory.
acidic surfaces, anions will be pushed away by strong elec- We next consider an acidic membrafwith an average
trostatic repulsion and it is then only at high salt concentraarea per unit charge of 680°Acontaining 10% acidic phos-
tions (when the electrostatic potential is strongly scregnedpholipids (e.g., phosphatidylseripneand 90% charge neutral
that an attractive ionic dispersion potential has a chance tawitterionic lipids(e.g., phosphatidylcholineThe calculated
compete. We show in Fig. 2 the surface potential versus thelectrostatic potential and charge density in the presence of
surface charge density for various Blimonovalent salts. 0.156M salt solutions B, =0 Jn?, B_=0 [solid line], and
The surface potential of an uncharged membrame ( B_=—20x10 % Jn? [dashed lind are presented in Figs.
=0C/n?), induced by unequal ionic dispersion potentials3 and 4. These figures demonstrate that there can be co-ion
acting on anions and cations, can clearly be large for sakdsorption on acidic membranes when the dielelectric prop-
solutions with highly polarizable anions. We note that theerties of the membrane give rise to attractive ionic dispersion
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FIG. 4. The charge density distribution near an acidic membrane
(with average unit charge area of 688)Ain the presence of
0.156M salt solutions B, =0, B_=—20 [dashed ling 0 [solid
line] X 10 %0 Jn¥).

FIG. 6. Surface potentidbolid line) and the potential 2 A away
from the interface(dashed ling of an uncharged membrane as a
function of salt concentration8(, = —2, B_=—20x 10 °° Jn?¥).

The circles are the experimentally deduced surface potential of a
black lipid membrane formed from a mixture of phosphatidyletha-
potentials acting on the anions. In this instance, and in alholamine and decane as a function of adgRdCIO,] [9].

other cases with high surface concentrations, it is essential to

take co-ion and counterion exclusion effects into account. to anion induced changes in the surface potential. These

D_rummon_defc al. .[10] demonstrated that th? surface po- changes in conductance not only depended on the choice of
tential of cationic micelles depends on the choice of counter:

ion in exactly the same way. In a previous paper we showeﬁalt’ but also on the choice of membrane. While changes in
that highly specific ion binding follows when ionic disper- ermeability induced by CI9in membranes formed by neu-

. - : . , ral phospholipid membranes was found to be very large, the
sion potentials are included in the theoretical treatmen;uthors had no explanation for why the corresponding

B e, hanges were ot foundforgycrol moo-leate membyanes
face potential outside a model catFi)onic miceflgith .head [9]. We suggest that one obvious reason for these differences

P : ; is that different oils have different dielectric properties.
group area and micelle radius taken from Table 1 of Ref

[10]) as a function of salt concentration is shown for t iCaIWhile the ionic interaction can be quite large and attractive
o . yPICal o ar one oil-water interface, it can be much smaller and/or
B values. As can be seen in Fig. 5 the experimental surfac

otentials are reasonably consistent with the theoretical r P_epulsive near another oil-water interface. Itis then of some
P y Shterest to investigate the electrostatic potential outside a

sults when the attractive ionic dispersion potential that aCt%harge neutral planar membrane in some more detail. Fig. 6

on the anions is includedB(; =0 J¥, Bey=—5 [solid (o 1o oo o potential, and the potential 2 A further

. _ _50 -
“ni]'hanthBr_ .10X 1% tJrr?G[dashetilmé). f tral  away from the interface, of an uncharged membrane in the
e changes in conductanc&¢exi{ —ged]) of neutra presence of a typical model salt solutiorB (=—2

black phospholipid membrang8], and in the permeability %1050 N 50 ;
; : 10750 Jn? andB_=—20x 10 *° Jn?). Due to screening
of human red cell§9,46] with added salt, has been attributed there are obviously large differencéaactly as in the clas-

sical double-layer theojybetween the surface potential and

0.16 any experimentally observed potential measured outside the
014l membrane surfacésuch as the/ potentia). We have for
2 comparison included the surface potential that was experi-
g 0121 mentally deduced from conductance measurements of a zwit-
53 0.1 terionic lipid membrane in the presence of added NaClO
it 0.08 [9]. The anion induced changes observed by McLaughlin
g et al.[9] are consistent with the salt induced changes in the
S 0.06 surface potential that we observe when attractive ionic dis-
a 0.04. N persion potentials acting on the anions are taken into ac-

count.
0.02 Ll L
0.01 0.1

Concentration (M)
V. CONCLUDING REMARKS
FIG. 5. Surface potential of a cationic micelle as a function of ) ) )
added salt concentration. The three curves correspond to the follow- It IS known that many biological processes across or at
ing combinations of ionic dispersion potentials acting on cationsmeémbrane surfaces depend sensitively on the choice of back-
and aniong(in units of 107 Jn?): 0,0 (solid); 0,—5 (dashed, 0,  ground salt. Our purpose here has been to demonstrate that
—10 (dotted. The circles(crossesare the experimental result for many of these ion specific or Hofmeister effects can be un-
bromide (chloride. derstood once ionic dispersion potentials are taken into ac-
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count. We recently demonstrated how these ionic dispersiodifferent chain length and therefore different dielectric prop-
potentials influence the binding of peptides to membranesrties. This will undergo local phase separations within the
[42]. An unanswered question is how proteins once they arenembrane. So the ionic adsorption changes from place to
bound to a membrane can be influenced differently by dif-place, potentially resulting in regions of variable stability,
ferent salts solutions. A very important topic in membraneand thus activity of a protein embedded in, or bound to, the
biology is to understand membrane assembly and dynamicsmaembrane. One important and related question is to what
We propose that Hofmeister and alcohol effects may have extent such regions of variable stability may be involved in
vital role. Within a membrane one has a mixture of lipids ofinducing the correct folding of membranes.
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