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Interaction between oppositely charged micelles or globular proteins
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Monte Carlo simulations and the hypernetted chain theory are used to study the interaction between spheri-
cal macroions of opposite charge immersed in a solution of monovalent or divalent simple electrolyte. These
calculations represent the first step toward studying phase behavior and precipitation kinetics in solutions
containing a mixture of macroions with positive and negative net charges. The potential of mean force between
colloidal particles is determined as a function of colloid-colloid separation. In addition to having an opposite
sign, the calculated potential of mean force is found to be stronger and longer-ranged than observed in the case
of equally charged macroparticles. The difference is more pronounced in the presence of divalent counterions
and is especially noticeable when we compare distinct Coulombic and hard-core collision contributions to the
interaction between equally and oppositely charged colloids. The present observations suggest the dominance
of attractive forces between globally neutral but electrostatically heterogeneous macroparticles. While our
numerical results cannot be successfully analyzed by existing theories, they provide useful guidance and
benchmark data for the development of advanced analytic descriptions.

PACS numbds): 61.25.Hq, 61.20.Ja, 61.20.Qg

I. INTRODUCTION charged macroparticles. Here we describe a simulation study
of the interaction between a pair of macroions with opposite
The phase behavior and kinetic properties of ionic col-charges immersed in a solution of symmetric monovalent or
loids are determined by the interplay of short-ranged van dedivalent simple electrolyte. Using the simulation technique
Waals attraction and long-ranged electrostatic forces bedeveloped in earlier work33,35, we determine the distance
tween macroiongl—4]. Understanding these interactions hasdependence of the potential of mean force between macro-
been the objective of numerous theoretical stuftes37]. I ions with opposite charges as well as distinct physical con-
view of the instability of mixtures containing macroions with tributions to the overall interaction. Our results show that the
opposite charges, the vast majority of theoretical descriptiongyerall potential of mean force is only approximately oppo-
has been concerned with solutions of macroions with equaljte to that observed in the case of equal macroion charges.
charges, or polydisperse mixtures of colloids carryingThe magnitudes of the pair potential and the forms of radial
charges of equal sign. The screened Coulombic repulsiogecay for the two scenarios are, however, noticeably differ-

among the particles has repeatedly been identified as a Vitagh The difference is especially pronounced in the presence
fa}ctor rgspon3|ble_ ].cor the apparent stability of lonic CqII0|daI of a divalent electrolyte. Individual contributions to the over-
dispersions. Traditional theories such as the Derjaguin, Lan:

X all interaction reveal considerable deviations from simple
d_au,_ vervey, and Overbe_e{IZ)LVO) theory([5], and its de- sign reversal even in monovalent salt solutions. The ob-
rivatives like the Sogami-Ise theorf], rely on a set of served differences are interpreted in terms of markedly dif-
simplifications, including the neglect of ion-ion correlations P Y

and the linearization of Boltzmann weights for calculatingferent d|str|but|ons_ of simple ions in the region around anq
ionic distributions. A known result of these simplifications is P6Ween the polyions, and related effects on electrostatic
the approximate potential of mean force between colloidaPcreening and on the imbalance in the pressure the counteri-
particles,W(r), which typically takes the form of the direct ONS ex_ert.on macroion surface;. Our calcula_uons prow_de Q|f-
Coulombic interaction for the two bare polyions multiplied ferent insights into the mechanism of macroion-macroion in-
by a screening function that depends solely on the distanci€raction that should help in interpretations of phase behavior
and the ionic strength of the solution. The reversal of theand association dynamics in processes involving macroions
charge on either of the two macroions is reflected in thevith opposite charges, such as, for example, selective pre-
reversal of the sign of the potential of the mean fafeter-  cipitation from protein mixtures and titration of a mixture of
mined by the product of the two charg&s,andZ,), but the  proteins with different isoelectric points. In addition, the nu-
form of W(r) is not changed in any other way. Nonlinear merical results we present offer benchmark data for alterna-
analytical methods like those based on integral equatiotive analytic theories. The remainder of the article is orga-
theory[7,10,12—-14,16-18,20,21,24 R&long with simula- nized as follows. In Sec. Il, we describe the model and the
tion studies[11,15,19,21,22,29-30f equally charged col- simulation technique we use to calculate separate contribu-
loids, point to a more complex behavior. In view of the im- tions and the total colloid-colloid interaction. Section Il sur-
portance of the potential of mean force toward understandingeys and discusses simulation results. In concluding Sec. 1V,
colloid solubility and aggregation kinetics, it is of interest to we summarize our findings and indicate a few practical im-
extend these calculations to mixtures containing oppositelylications of interest for future work.
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Il. MODEL AND METHOD angle dependent macroion-small ion distribution functions
and subsequent extrapolation to contact distance. In preced-
ing articles[33,35, we have proposed an alternative tech-
nique that circumvents this lengthy procedure by calculating
the average collision force from collision probabilities due to
Sest displacements of the macroion. According to the analysis
presented in Ref35], the collision force can be expressed as

A dilute colloidal solution is represented using the primi-
tive model of an asymmetric electrolyit88] containing four
different species, macroions of diametgy and chargeZy,
or —Z,,, and symmetric salt comprising cations and anion
of diameteroc and chargesZ. and —Z., respectively,
whereZ-=1 or 2. Solvent molecules are not explicitly con-

sidered; the presence of the solvent is apparent only through (Ng) (N¢)
the permittivity ¢ of the system. The macroions and small Fre= —kgT lim St —kgT Iim 5 (4)
ions interact among themselves by Coulombic forces and or—0+ or—0-
hard-core repulsion. The pair potentig|, for specied and ) .
j, is whereN. denotes the average number of macroion-small ion
collisions due to small trial displacemen#s or — or. Ex-
) (oi+0) trapolation to vanishingly smalfr is not necessary if suffi-
uij(rij)=ce, it rj<oy, oj=—7F— ciently small values ofr are used in the simulation. The
range of appropriate values éf has to be determined em-
and pirically. For most of the conditions considered in the

present study, the magnitude~ 1% of o, turned out to be
sufficiently small to eliminate any significant finite size ef-
fect while keeping collisional probability sufficiently high to
secure satisfactory statistical accuracy.
wherer;; represents the center-to-center distance between The sampling of the force between macroions was carried
particles,Z;e is the charge on ion ¢, is the permittivity of  out using canonical ensemble Monte Carlo simulations for a
vacuum, and: is the dielectric constant of the solvent. Since set of fixed macroion-macroion distances. Following earlier
we consider pair interaction between macroions at high diluwork [33,35, the macroions were fixed at prescribed posi-
tion, our simulation cell contains only two macroions and ations along the cell diagonal and the boundary effects were
large number of simple ions. In all calculations, the size oftaken into account using Ewald periodic conditidA®,41].
the box exceeds the length of 5—-k0%, wherex ! is the ~ We sampled over the configurations of simple ions following
Debye-Huckel screening length. Sampling over a single paithe standard Metropolis proceduy40]. Having determined
of macroions, the intercolloidal potential of mean force can-the average force between macroions as a function of sepa-
not be calculated accurately from the macroion-macroion raration, the potential of mean ford&(r) was calculated by
dial distribution. In addition, we are interested in separatestraightforward integration of the force from separations with
calculations of Coulombic and collision contributions to the vanishingly weak interaction to a set of selected distamces
mean interaction between the particles. For both reasons, ti42]. The length of the production runs was adjusted accord-
force is sampled directly according to the procedure introing to the desired statistical accuracy of calculated forces
duced in our earlier work33,35. The method is based on estimated from the reproducibility of our results. In general,
the relation the calculated collision force was found to converge several
times more slowly than the electrostatic term. The statistical
Fr)=— dupm(r) <2 d uiM(riM)> LF (2  error in calculated forces at small macroion-macroion sepa-
dr driy hs» rations was typically below 1-2%. In systems containing
several hundred simple ions, each of the production runs
where the angular brackets denote the ensemble average, required about ®attempted configurations.
the separation between the two macroions, apgdis the
distance between a small iarand a macroiorM. The first
term on the right-hand sidéhs) of Eq. (2) is the direct
Coulombic force between the two macroions, the second In what follows, we present the force, energy, and poten-
term comprises Coulombic forces between the macroionsal of mean force profiles obtained by Monte Carlo simula-
and small ions, and the third term represents the mean foragons for five model systems. Each of these systems com-
due to the collisions between the macroions and surroundingrises a pair of macroions of diameter,,=2 nm and
simple ions. The collision force can be calculated from theabsolute chargéZ| =20, neutralizing counterions of diam-
imbalance of the pressure exerted on a colloidal particle aceter o0.=0.2nm and charg&-=1 or 2, and specified con-

ZiZjeZ

msorij otherwise, (1)

uij(rij) =

Ill. RESULTS AND DISCUSSION

cording to the expressidr82,39 centrationcg of a symmetric monovalent or divalent simple
salt. The size and the valency of salt ions equal those of the
_ N & counterions. In addition to simulation results, we include the
Fhs= kBTLE P(S)A(S)AS © predictions of the hypernetted chain integral equafiég|

(HNC) for macroion-macroion potentials of mean force at
Equation(3) requires knowledge of the macroion-small ion similar conditions, but at a lower net charge than that of the
contact densityp(S) as a function of the position on the macroions¥YZ,,=10, at which the theory still produces re-
macroion surface$ n(S) is the outward normal unit vector liable results. In all systems, the temperature and permittivity
on the surface, and the sum is over all ionic species preserbrrespond to aqueous solutions at ambient conditions. Char-
in the solution. This method requires the calculation of theacteristic model parameters are collected in Table I. System
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TABLE |. Characteristic model parameters of simulated systefp@andZ, are the charges of the two
macroions, and, andZ, the charges of simple ions:, ando denote the diameter of the macroions and
small ions, andcg,; is the concentration of the simple electrolyte. Temperaflire298 K and relative
permittivity e, =78.5 are assumed in all systems. MC stands for Monte Carlo simulation.

System Method  Z, Zy oy (nm) Z. Zq o (hm) Ceait (Mol dm™3)
1 HNC -10 -10 2 1 -1 0.42 0.1
2 HNC 10 —-10 2 1 -1 0.42 0.1
3 HNC —-10 —-10 2 2 -2 0.42 0.1
4 HNC 10 —-10 2 2 -2 0.42 0.1
5 MC —20 —-20 2 1 -1 0.40 0.1
6 MC 20 —20 2 1 -1 0.40 0.1
7 MC —-20 —-20 2 2 -2 0.40 0.1
8 MC 20 —-20 2 2 -2 0.40 0.1
9 MC 20 —-20 2 2 -2 0.40 0.025

pairs(1,2), (3,4), (5,6), and(7,8) provide a comparison of the efficient in divalent(solid lineg than in monovalent salt
potentials of mean force between equally and oppositelydashed lines Besides the difference in the sign, the inter-
charged macroions at otherwise identical conditions. Comaction is also consistently strongén absolute valugand
parison between systems 6 and 9 illustrates the role of simplenger-ranged for oppositely charged macroion pairs. The
ion valency, 1 or 2, at a fixed ionic strength of the solution.difference is explained in terms of weaker electrostatic
We begin the survey of our results by inspecting the prescreening due to the reduction in counterion concentration in
dictions of the HNC integral equation theory for solutionsthe region between two adjacent macroions of opposite
with macroions of equal or opposite charges. The theory proeharge brought at a small separation. In view of the reduced
vides radial distribution functions among solute spetimsd  accuracy of the HNC theory at increased macroion charge
j, 9ij(r)=1+h;;(r) as solutions of Ornstein-Zernike equa- density, in Fig. 1 we present only results pertaining to the
tions[43] low-charge regime where the reliability of the theory has
been well establishefil6,18. The limitations of the HNC
theory at increased macroion charge are illustrated in Figs. 2
and 3 where we compare intercolloidal potentials of mean
force from simulations with HNC predictions for conditions
with identical to those in systems 1—4 of Table | but with doubled
macroion charge. Comparison with simulation confirms that
Cij(rij)=—u;j(rij/kgT+hj;(rij) —In[1+h;;(rj)] (5) the HNC theory is not suitable for quantitative studies at
higher macroion charges where the interesting differences
for all species palr$_| in the solution. Since we are consid- between Screening mechanisms of interactions among
ering an isolated macroion pair in a salt solution, in theequa”y and Opposite|y Charged macroions are more pro-
present case, the sum in the convolution term of ).  nounced. For this reason, and because HNC calculations can-

contains only two terms wittk=1 or 2 corresponding to not provide three-particle distributions, we continue to focus
simple salt cations and anions. The HNC approximation has

often been applied to model ionic colloiflg,10,12,13,16—
18,20,21. While it has provided useful insights to both the 8
static and dynamid¢18] properties of moderately charged
colloids, and has been found to be in quantitative agreement PR RN
with experiment in studies of weakly ionized globular pro-
teins [21], the HNC theory becomes less reliable with in-
creasing surface charge density of the macro[ds1§. In
the presence of colloidal particles with opposite charges,
considered in this work, the applicability of the method is 2
limited to macroion chargeZ,, of the order 10(at oy
~2nm).

Figure 1 compares the HNC potentials of mean force be-
tween equally and oppositely charged colloids of valency
Zu=10 in the presence of 0.1 mol dr monodivalent or

divalent salt at negligible colloid concentration, systems 1-4 g1 1. Hypernetted chaifHNC) predictions for the potentials
of Table I. Details of the method adhere to our previousgs mean force between two macroions of equal chags — 10
work [18] and are not repeated here. The absolute value Qfhick lines or opposite charge$10, —10) (thin lines in 0.1
the potential of mean force is shown for easier comparisonmol dm™2 solution of symmetric monovalerftiashed linesor di-
For both the equallythick lines and oppositely(thin line9  valent(solid line9 salt. Results for attractinpppositely charged
charged colloids, the screening of interaction is much morenacroions are multiplied by-1 for easier comparison.

hij(rij)zﬁcij(rij)+2k Pkfvcik(rik)hjk(rjk)drk

W(r)/kT

r/C
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FIG. 2. Potential of mean force between two macroions of equal
chargesZ,,= — 20 (solid symbol$ or opposite charge€0, —20)
(open symbolsin 0.1 mol dm 2 solution of symmetric monovalent
salt(syste.ms 5 and 6 of Tablgfrom the simulation. Thin and thick FIG. 4. Distribution of divalent simple ions surrounding a pair
curves without symbols represent results from HNC theory for . . .

. . . of oppositely charged macroions with charg@®, —20) at salt
equal and opposite charges, respectively. Results for attraojmg ; 73
ositely chargedmacroions are multiplied by-1 for easier com- concentration 0.1 mol dn7 (system 8 of Table)l Center-to-center
Sarison distancer =1.30, . Here, g(r) represents the radial distribution

function between the macroions and simple ions from the salt. The
xy plane contains the symmetric axes of the system.

on the results of Monte Carlo simulation.

Figure 4 illustrates the distribution of simple ions in the . =~ . . o
vicinity of a pair of oppositely charged macroions at Separa_tnbut|on is, however, not |sotrop|c._ The angular dlstrlt_)uuqn
tion r =1.30,, from simulation. Solution parameters corre- ©f Small ions around each macroion peaks at the direction
spond to those of system 8 in Table I. Each of the macroionB€rPendicular to the axis connecting the two macroions and
is surrounded by a cloud of concentrated salt ions of oppositB!SC 'emains relatively high along macroion surfaces point-
charge, with cations predominantly accumulated around thi19 @way from the neighboring macroion. While the separa-
macroanion and anions around the macrocation. The ion didlon between the macroions is sufficient to easily accomodate
a layer of small ions between them, the concentration of
small ions in the intervening region is negligibly small be-
cause the attractive interaction between either of the macro-
ions and a simple ion merely cancels the repulsion with the
other macroion. When far apart, the two oppositely charged
macroions are effectively screened, each by its own atmo-
sphere of neutralizing small ions. As the two macroions are
brought closer, their charge is partly neutralized by the
charge of the adjacent macroion and a fraction of counterions
is released from the ionic atmosphere of each macroion.
Clearly, the large contact distance of the macroiomg,
>(oyt+oc)/2, results in higher energies of macroion pairs
devoid of counterions in comparison to separated macroions
neutralized by a thin shell of counterions. The entropic pen-
alty involved in atmospheric binding of small ions is, how-
ever, sufficiently high to render the former scenario more
favorable, leading to an attractive macroion-macroion poten-
tial. The opposite is true for macroions with charges of equal
sign. Here, the energetics favors smaller separations that al-

FIG. 3. Potential of mean force between two macroions of equa'OW thg same counterlon_s to |nteract' fgvorably with both
chargesZ,, = — 20 (solid symbol3 or opposite charge€0, —20) ~ Mmacroions at the same time. Again, it is t_he entropy cost
(open symbolsin 0.1 mol dni 3 solution of symmetric divalent salt @ssociated with the accumulation of small ions in overlap-
(systems 7 and 8 of Tablg from the simulation. Thin and thick PiNg ionic atmospheres between the macroions that is ulti-
curves without symbols represent results from HNC theory formately responsible for the overall repulsion. Qualitatively,
equal and opposite charges, respectively. Results for attracjng ~ the above mechanism is contained in DLVO the[@} Ap-
positely chargedmacroions are multiplied by-1 for easier com-  plying the Gibbs-Helmholtz relation to the DLVO potential
parison. of mean force between a pair of macroions, the energy can

22 €y =0.1M

opposite charge

W(r)/k

-4 . L L . I . L " L

1 1.2 1.4 1.6 1.8 2
l‘/GM
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FIG. 5. (a) Energy of interaction for a pair of equallsolid ou

symbol$ or oppositely(open symbolscharged macroions of abso- FIG. 6. (a) Energy of interaction for a pair of oppositely charged
lute charge|Zy|=20 in 0.1 moldm® solution of symmetric  macroions of absolute charéigy| =20 in 0.1 mol dm solution of
monovalent salfsystems 5 and)6as a function of distance (b) symmetric monovalent salsystem 6, trianglés 0.1 mol dm 3 so-
Similar plot for systems 7 and 8 where salt is divalent. lution of divalent salt(system 8, circlels 0.025 mol dm® solution

of symmetric divalent salfsystem 9, squargsis a function of dis-

be obtained as a function of macroion-macroion separatiorfancer. (b) Mean force between macroions for the same systéns.
With the possible exception of near contact distances, thi§ Biérrum length(0.714 nm at present conditions

sign of this pair energy is opposite to that of the potential of

mean force and displays an extremum at a separation of treereening lengtideduced from the position of the energy
order of the Debye screening lengthk1Simulation energy maximurn) in the presence of divalent ions than with
profiles shown in Fig. 5 are consistent with the above picimonovalent salt at the same ionic strength.

ture. They pertain to systems 5-8 of Table I, when the two In simulation, the potential of mean force can be calcu-
macroions having equdbystems 5 and)7or opposite(sys- lated from the force profile for a macroion pair. Later, we
tems 6 and B charges. For repelling macroiongqual  will discuss macroion-macroion potentials obtained in this
charge, the energy of interaction iattractive at all separa- way. First, we analyze the results for intermacroion forces to
tions, with the minimum at the distance corresponding to axtract further insights into the different mechanisms that
monolayer of counterions between the macroions. For attracontribute to the overall interaction. In Figs. 7 and 8, we
tive, oppositely charged macroions, the energy alone4is present the radial dependence of total macroion forces, as
pulsiveover most distances, with the extremum observed at avell as separate Coulombic and collision contributions. Re-
somewhat bigger separation than that found in the equakults in Fig. 7 pertain to solutions with monovalent salt, sys-
charge scenario. The shift in the peak position toward greateaems 5 and 6 of Table I, while those in Fig. 8 correspond to
distances is explained in terms of a weaker ionic screenindivalent salt, systems 7 and 8. In all cases, the forces for the
characteristic for oppositely charged macroions as indicatedppositely charged case are multiplied b for easier com-

in our discussion of the HNC potentials of mean force. Theparison with the corresponding equal-charge system. The to-
effects of simple ion valency on energy and force profiles areal force is generally of greater magnitude and decays more
illustrated in Fig. 6, where we collected simulation results forslowly in the opposite-charge case, in agreement with earlier
oppositely charged macroions in 0.1 moldhmonovalent observationgvide supra. Inspection of Coulombic contribu-
salt, as well as in divalent salt solutions of either the sameions shows that the change in range is primarily due to
concentration or equal ionic strengisystems 6, 8, and 9 of weaker electrostatic screening. A further qualitative differ-
Table ). While the energy dependence on the distance reence in the radial dependence of Coulombic forces is ob-
mains similar, as seen in Fig. 5, there is a much shorteserved by comparing the net forces between equally and op-
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FIG. 8. Mean force between two macroions of equal charges
FIG. 7. Mean force between two macroions of equal chargey, — — 20 (solid symbol$ or opposite charge¢20, —20) (open
Zy=—20 (solid symbol$ or opposite charges20, —20) (open  sympolg in 0.1 mol dni 3 solution of symmetric divalent salsys-
symbol$ in 0.1 mol dm® solution of symmetric monovalent salt tems 7 and 8 of Table)I Circles, squares, and triangles denote the
(systems 5 and 6 of Table. [Circles, triangles, and squares denote tota| force, and the Coulombic and collision contributions, respec-

spectively. Results for attractiigppositely chargednacroions are  mutiplied by — 1 for easier comparison.
multiplied by —1 for easier comparison.

positely charged macroions in divalent salt solution. Whileabsolute value of the attractive force between oppositely
the predominantly repulsive force acting between equallycharged colloids mostly exceeds the repulsion between mac-
charged macroions passes through a shallow attractive minieions of equal charge at otherwise identical conditions.
mum, the Coulombic force between oppositely charged mac- For many purposes, the most useful measure of the over-
roions is monotonically attractive. The reason for the differ-all interaction is the potential of mean force between the
ence lies in the ion correlation mechanism responsible for thenacroions. In our simulation, potentials of mean force are
attraction in the equal-charge case. These correlations can, @termined by integration of the overall forlgk2] from large
certain conditions, overturn the overall repulsii2—14.  distances to a desired separatiorPotential profiles corre-
They remain attractive, albeit weaker, upon reversal of theponding to simulation systems 5—8 of Table | are plotted in
charge on either of the macroions. The biggest differencé&igs. 2 and 3. Regardless of the valency of the simple salt,
between the equal- and opposite macroion charge cases atiractive potentials of mean force between oppositely
seen in the collision contribution to the overall force. Thischarged macroions are notably strondier absolute value
term arises from imbalance in the pressure that the simplthan the repulsive potentials between equally charged mac-
ions exert on macroion surfaces. With equally charged macroions of the same absolute charge. This behavior conforms
roions, the counterions crowd in the regioetweerthe large  with results from the HNC theory shown in Fig. 1, while it
ions[33,35, giving a strong repulsive force. When the mac- contradicts predictions of classical electrostatic theories, in-
roions carry opposite charges, small ions flee the interveningluding DLVO and Sogami-lse model$§,6]. Development
region while they accumulate aipposite surfaces. This of advanced theories that would extend the range of applica-
change in ion distribution leads to an attractive collision termbility of integral equation descriptions is therefore particu-
whose magnitude is somewhat smaller than the correspondarly inviting when considering colloid mixtures containing
ing repulsive contribution to the force when the two macro-macroions of opposite charges. An experimental situation of
ions have the same charge. As a result of stronger electrdhis kind can emerge during titration of a mixture of proteins
static screening in the case of equally charged macroions, theith different isoelectric points. For planar geometry, this
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scenario has been considered by surface force apparatusth opposite charges can be considerably different from
measurementf44] and by mean-field theor{45] . While  those observed in the equal charge case. The differences
there exist reliable experimental data for repulsive interacarise from reduction of the counterion density in the ionic
tion among equally charged spherical colloid,47], we  atmosphere of oppositely charged macroions in comparison
are not aware of measurements of force profiles for attractingp the atmosphere surrounding a pair of macroions of equal
oppositely charged macroions. The differential electrophoreeharge. This reduction results in higher internal energy, but
sis technique developed most receniy8], however, ap- the entropy gain associated with the release of simple ions is
pears ideally suited to test the predictions of the presersufficient to give rise to the overall attraction. The same
study. Another experimentally relevant case concerns attracnechanism has been revealed by mean-field calculations for
tions between globally neutral but electrostatically heterogeelectrostatic complexation between ionized proteins and in-
neous surfaces or macroparticles. In view of our present rererted micelles with an oppositely charged sHél0]. For
sults, attractive electrostatic forces between domains afhat system, it provided the only successful interpretation of
opposite charge are generally expected to outweigh repumeasured51] maxima in the strength of protein or reversed
sions between domains carrying charges of equal sign; thisicelle interaction as a function of protein charge. The ex-
expectation can play an important role in processes like agactly opposite mechanism leads to repulsion between equally
gregation of polyampholytic proteins or polyelectrolyte ad-charged macroions. This picture is consistent with mean-
sorption. field DLVO theory and is verified by present calculations of
the energy as a function of the distance between the macro-
IV. CONCLUDING REMARKS ions carrying equal or opposite charges. The asymmetry in
) . o ~ the strength and range of the interaction between colloidal
We report computer S|mglat|ons of the pair interactionengities with equal charges compared with oppositely
between equally and oppositely charged pairs of sphericalharged pairs of the same absolute value suggests the pres-
macroions in an aqueous solution containing low-moleculagnce of an overall attraction between electrostatically hetero-
weight electrolyte of valency 1 or 2. To the best of our geneous macroparticles or proteins with a nonuniform distri-
knowledg_g, similar calcula_tlon_s have not yet. been reportedytion of ionic groups[52]. If adjacent macroparticles
The conditions of observation include the regime where eveRomprise domains that are dominated by local charge density
equally charged macroions can be attractive to each other §f gifferent signs, the net interaction will be dominated by
the counterion-counterion coupling and concomitant correlazitractions between oppositely charged domains that are
tion effects are sufficiently strong. In practically relevant gomewhat stronger and of longer range than the repulsions
situations, such a scenario can be realized in divalent saltgetyeen the domains of equal charge. These observations
Mean field theories like the DLVO theory, based on thesnhould be of relevance to interpretations of electrostatic ef-
Poisson-Boltzmann equation, cannot capture the ion-ion Cokgcts on protein-membrane interaction as well as on the ther-

relation effects. In the literature, it is often proposed thatyogynamics and kinetics of colloid or protein precipitation
such theories retain the ability to reproduce essential physiGg, salt solutions.

if macroion charge undergoes appropriate renormalization
[49]. This implies weaker interactions but the general form
of the potential of mean force is presumed to be unaffected
by charge renormalization. Similarly, the reversal of the Financial support for this work was provided by the Na-
charge on either of the macroions would merely replace retional Science Foundation and the U.S. Department of En-
pulsion by equally strong attraction while the form of the ergy(Basic Energy SciencgsWVe thank Per Linse and Jacob
decay and the range of the interaction would remain unisraelachvili for pointing out referencg¢d4.45 and the su-
changed. However, our calculations show that the form angeercomputing centers, NPACI at San Diego and NERSC at
the magnitude of the force profile for a pair of macroionsLBNL, for generous allocations of computing time.
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