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A model is suggested for the structure of an adsorbed layer of a highly charged semi-flexible
polyelectrolyte on a weakly charged surface of opposite charge sign. The adsorbed phase is thin,
owing to the effective reversal of the charge sign of the surface upon adsorption, and ordered, owing
to the high surface density of polyelectrolyte strands caused by the generally strong binding between
polyelectrolyte and surface. The Poisson—Boltzmann equation for the electrostatic interaction
between the array of adsorbed polyelectrolytes and the charged surface is solved for a cylindrical
geometry, both numerically, using a finite element method, and analytically within the weak
curvature limit under the assumption of excess monovalent salt. For small separations, repulsive
surface polarization and counterion osmotic pressure effects dominate over the electrostatic
attraction and the resulting electrostatic interaction curve shows a minimum at nonzero separations
on the Angstrom scale. The equilibrium density of the adsorbed phase is obtained by minimizing the
total free energy under the condition of equality of chemical potential and osmotic pressure of the
polyelectrolyte in solution and in the adsorbed phase. For a wide range of ionic conditions and
charge densities of the charged surface, the interstrand separation as predicted by the Poisson—
Boltzmann model and the analytical theory closely agree. For low to moderate charge densities of
the adsorbing surface, the interstrand spacing decreases as a function of the charge density of the
charged surface. Above about 0.1 M excess monovalent salt, it is only weakly dependent on the
ionic strength. At high charge densities of the adsorbing surface, the interstrand spacing increases
with increasing ionic strength, in line with the experiments by Fang and YanBhys. Chem. B

101, 441(1997]. © 2004 American Institute of Physic§DOI: 10.1063/1.1647048

INTRODUCTION segment is highly anisometric, we expect the adsorption be-
. o ) havior of semi-flexible polyelectrolytes to differ qualitatively
Adsorption or binding of polyelectrolytes to oppositely fom that of flexible polyelectrolytes. In particular, in the
charged surfaces_ IS a_phenomenon Wh'c,h IS Qf great S'gn'fbase of polyelectrolytes strongly interacting with the charged
cance both for biological systems and in various phys'Co'surfac:e, ordered phases of adsorbed polyelectrolytes will be

chemical appllcathns. One' can, for mstancg, thml; of th?formed in order to maximize the surface density of polyelec-
complex coacervation of anionic polysaccharides with posi;

tively charged proteins? charged micellésor emulsion trolyte chains and thereby the attractive free energy of ad-

) . : . . . sorption.
interfaces’ the interaction of DNA with cationic . . . .
membrane&® the formation of Langmuir—Blodgett type Recently, the adsorption of semi-flexible and rodlike

. D__ 7
monolayers of stiff polyelectrolytes on charged interfdaes polﬁlectrolytes hfs e(ljttrgcted chelo ret_lcafl atterlﬁit_)ﬁ. The -
the adsorption of alternating layers of positively and negap_ro ems encountered, in particular, in formuiating a Sutti-
tively charged polyelectrolytes on a charged subsfrai&in uenﬂy rigorous theory of the charge—llnduced adsorption of
all these cases, electrostatic interactions are at least partiaigMi-flexible polyelectrolytes are formidable.
responsible for the stability and structure of the complexes ~One theoretical obstacle is the often intractable math-
formed. ematics of the semi-flexible chain, another is that the often

The theory of the adsorption of flexible polyelectrolytes Nigh charge density of the polyelectrolyte excludes Debye—
has received abundant attention during the last decades, gefiuckel type approximations in the treatment of the electro-
electrolytes, including most ionic biopolymers, are semi-in modeling t??e adsorption behavior of semi-flexible
flexible rather than flexible. Because a persistence-lengtRolyelectrolyte$***because of its straightforward mathemat-
ics, but application to highly charged polyelectrolytes like
DNA is of course excluded.

dAddress for correspondence: Nésiesearch Center, Vers-chez-les-Blanc,

CH-1000 Lausanne 26 Switzerland. Electronic mail: In recent years, the theory of the semi-flexible chain has
johan.ubbink@rdls.nestle.com advanced considerably, leading, in particular, to a basic un-
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length P as the relevant statistical length sc&le.

The electrostatic interaction between the charged sur-
face, assumed to be perfectly flat, uniformly charged and of
low dielectric constant, and the polyelectrolyte strand, which
we view as a uniformly charged cylinder of low dielectric
constant, is taken into account using the Poisson—Boltzmann
equation. The use of a cylinder model to calculate the elec-
trostatic field around a semi-flexible polyelectrolyte is justi-
fied as long as the local radius of curvature of the polyelec-
trolyte, induced either by bending or by thermal fluctuations,
is much larger than the Debye length. This was argued before
for the analogous case of the electrostatic interaction in lyo-
tropic polyelectrolyte liquid crysta&*>3¢ For the cylinder
model to be applicable, we therefore require the deflection
length to be much larger than the Debye screening length.
FIG. 1. The adsorbed phase of semi-flexible polyelectrolytes. The average ~AS uUniformly valid analytical approximations are not ob-
spacing between the adsorbed strands is denoteal by=P¥%a?? is the ~ Vvious for the present geometry, we start by numerically solv-
deflection length governing the statistics of the semi-flexible chain undulating the Poisson—Boltzmann equation for an array of ad-
ing parallel to the adsorbing surface aRds the persistence length. sorbed cylindrical polyelectrolytes near a charged surface

using a finite element method. The integrated electrostatic

0firee energy is subsequently used for a numerical minimiza-
tion of the free energy of an adsorbed polyelectrolyte com-
plex.

Afterwards, an approximate theory for the charge-
It is the objective of the present article to combine theinduced adsorption is introduced. We start by deriving a con-

statistics of the semi-flexible chain and the electrostatics a{Sn'ent approximate expression for the Poisson—Boltzmann
the Poisson—Boltzmann level in a theory of the chargepmentlal between a highly charged and a weakly charged

induced adsorption of polyelectrolytes. Although at the Sma”surface. The cylindrical geometry of the polyelectrolyte sur-

separations relevant to adsorption, other interactions, lik ace is t.aken mtq acsount '3 ttrr:efweak curvatt;retl|m|tty|a a
van der Waals forces, ion-ion correlation forces, and hydra- enaguin approximation and the free energy ot interaction 1s

tion forces, could be comparable in magnitude to thecaIC_LIf:?ted Purlnezlc?l[[)/. trand th ‘ int Vi
screened electrostatic interaction, we restrict ourselves to th € pq yelectrolyte strands on the S!” ace |n. eractvia an
latter. electrostatic excluded volume, for which we introduce a

The electrostatic interactions in the adsorbed complex Orimple ana_ly_tic_al_ expression. The equilibrium state is calcu-
polyelectrolytes are assumed to be screened by an excess. }ed by minimizing the tqtal free energy of the sy_stem tak-
monovalent salt. We consider the case where the attractiVd9d M a_ccount the coeX|sten_ce relations. Numerlcal_r_esults
interaction is strong enough to enforce complete adsorptioﬁlre obtained for the a_dsorptlon of D'\.IA on a positively
of the polyelectrolyte chain. We furthermore assume that thgharged surfa}ce of varying charge density and for a number
polyelectrolyte is long, i.e., its contour length is much IongerOf concentrations of excess monovalent salt.

than the persistence length. Consequently, end effects may be At h'?h charge”densmei of tgetposm\:ﬁly ch?rged S(;”t'h
neglected. As the polymer chain is semi-flexible, excursion ace or at very small separations between the surtace and the

away from the surface are energetically costly so that thgylindgr the electrostatic adsorption free energy may become
chain remains parallel to the surface when adsorbed. very high, of order 100—-100K5T per persistence length. In

The adsorbed layer is thin, consisting of a single layer 01Ihls case, the statistical-physical description of the structure

polymer, as reversal of the effective charge sign of the surgand properties of the adsorbed layer could become invalid.

face upon adsorption will hamper the buildup of a thickerEVen in this case our app_roa_ch IS of value, however, as the
layer (for some recent theoretical work on the charge rever-Strength of the electrostatic binding between polyelectrolyte

sal on adsorption of charged polymers or colloidal bodies,and surface is a quantity of experimental interest.

see, e.g., Refs. 24-p7

Already at low charge-densities of the adsorbing surfac
the surface density of the adsorbed polyelectrolyte will be
high, even for a highly dilute polyelectrolyte solution. The The adsorption of polyelectrolytes with a contour length
surface density is so high, in fact, that excluded volume inL much longer than the persistence lenBtfs considered. In
teractions between adsorbed polyelectrolytes enforce a twaur simplified picture, the structure of the adsorbed layer is
dimensionally ordered phase in which the polyelectrolytecharacterized completely by the interstrand spacnghe
strands are aligned more or less in parallel at a well-definegolyelectrolyte radius and the separation between surface
spacinga (Fig. 1). The statistics of the semi-flexible chain and polyelectrolytal. (Figs. 1 and 2
confined near the adsorbing surface is then governed by a For adsorbed semi-flexible polyelectrolytes in the or-
deflection length\ = P¥3a?3, which replaces the persistence dered phase depicted in Fig. 1, the free energy per unit length

derstanding of the effects of confinement on the statistics
the semi-flexible chaif®3* This enables us to deal in an
approximate way with the entropy a semi-flexible chain con
fined within an ordered surface phase.

REE ENERGY OF ADSORPTION AND ADSORPTION
QUILIBRIUM
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_(&F _pFr_p oF 7
Ma= mTV_ a%- (7)

Here and in the following, we take the chemical potential per
persistence length of polyelectrolyte, assuming that the con-
FIG. 2. Cross-sectional view of the charged substrate and the adsorbed laygentration of excess monovalent salt is high enough to ensure

of polyelectrolyte cylinders. that electrostatic stiffening effects are small.

The polyelectrolyte solution is a very large reservoir, so

that the polyelectrolyte concentration remains virtually con-

of adsorbed strand may generally be written as stant under variations in density of the adsorbed phase.
F=Fur+ Feonts (1)  Hence, the second condition for coexistence may be written

where F,, is the electrostatic free energy of the adsorbed JF F s
complex andF.,, is the free energy of entropic confinement Ja _a Pa ®
of the semi-flexible chain in the adsorbed layer. The free
energy contributions are functions of the interstrand spacindgn EQ. (8), the second term on the right hand side is virtually
a and the distance to the adsorbing surfdce always negligible as the chemical potential of a semi-flexible
In order to arrive at the equilibrium structure and pack-chain is of the order okgT per persistence length whereas
ing density of the adsorbed layer, two conditions need to bé&he free energy of an electrostatically adsorbed chain is often
fulfilled. First, the osmotic pressure should be equal in theof the order of 10 to 100RgT per persistence length. The
adsorbed phase and in the polyelectrolyte solution: equilibrium state of the system is obtained by minimizing the
M.—11 2 free energy equatiofil) following Egs.(5) and(8).
a s In a convenient, albeit more restricted formulation of the
The subscriptsa and s refer to the adsorbed and solution free energy of adsorption we may split the free energy of the
phases, respectively. Second, we require the equality of thedsorbed polyelectrolytes in a part containing only the free
chemical potential of the polyelectrolyte in both phases:  energy of a single adsorbed chain and a free energy of inter-
action of adsorbed chains:

Ma= Ms- ©)
The osmotic pressure of the adsorbed polyelectrolyte /= Fadst 2. 9
Pshg:ﬁr:g deqa%lllbrlum with an excess monovalent salt SO|Ut'0Q/vhere]-“ads is the free energy of adsorption of a single chain
and F, is the free energy taking into account the excluded
Nds _1oF volume interactions between strands adsorbed on the surface.
Ip= oV ; N_g od’ (4) Both free energy contributions are per unit length of poly-

electrolyte. The division of the free energy in these two con-
whereF is the total free energy of the adsorbed polyelectro+riputions is convenient becaug s depends only o and
lyte phaseV is its volume andN is the number of persis- 7, is a function ofa only.
tence length segments in the adsorbed phase. The condition for phase coexistence E8). is then sim-
As the polyelectrolyte concentration in the solution is ply
assumed to be low, osmotic effects of the polyelectrolyte in
solution may be neglected, i.e., we $&4=0. It should be aF, F
noted at this point that we always consider polyelectrolyte ga  a’
solutions containing excess monovalent salt. Stability of the
adsorbed phase with respect to the separation with the sur- Both Faqs and 7, contain a free energy contribution
face is therefore given by the f0||owing condition: taking into account the confinement of the semi-flexible
chain close to the surface and an electrostatic contribution to

(10

%:0_ (5) the free energy:
It needs to be verified that the free energy is indeed a mini- Faad ) =Fint(d) + Foondd), (11
m“fz;f Fo(@)=Fe(@) + Feon@), (12
Wa 0. (6)  Fint is the free energy of electrostatic interaction between the

polyelectrolyte cylinder and the charged surfagg, is the
In effect, we will find that the polyelectrolyte chains are free energy of electrostatic interaction between the adsorbed
undulating around the minimum of a steep potential energgtrands andF;,,,; and F. . are the free energy contribu-
well so that even a slight solution osmotic pressure of thdions due to the entropic confinement of the strand close to

polyelectrolytes will not significantly perturb the equilibrium the charged surface and within the two-dimensional array of

value ford. adsorbed polyelectrolytes, respectively.
At constant temperature and volume, the chemical po- For a semi-flexible chain confined independently in two
tential of the adsorbed phase takes the following f&fm: dimensions it can be shown that the confinement free energy
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D,,(x)
FIG. 3. Electrostatic far field between adsorbed polyelectrolytes. >
partitions into two independent terms, like in E¢$1) and FIG. 4. The Derjaguin approximation.
(12).313* Following Refs. 30, 31, and 34, the free energy of
confinement may therefore be expressed as
Fe ct following numerical approach. The Poisson—Boltzmann
conf . . ! ]
K.T  plRgsE: (13 equation is numerically solved for the appropriate geometry
keT P-~d al : !
and boundary conditions on a discrete grid spanned by the
]-"'('zonf_ c! independent variables andd. The equilibrium conditions
keT p1/330?73' (14) following Egs.(1), (5) and(8) are obtained using the numeri-
. ) cally integrated electrostatic free energy.
whereap=a—d. The form of Eq.(13) is presumably inde- The merits of the analytical approach which is intro-

; - 34

pendent of the precise form of the mean field thédr duced later in the article, and whch is based on a free energy
The value of the .coeff|C|enFsL andc' is dependent on the vision as in Eq/(9), can then be evaluated within the rel-
form of the confining potential, in the case of confinement byg, 4t parameter space.

2 quad/réagizc_&otential of a worm undulating in one dimension e pojsson—Boltzmann equation for a solution contain-
c=3/28_ . _Here, we will use t_he same value. _ ing monovalent salt is given by
A discussion ofFy, is the subject of the next section.
V2¢p=sinh(¢). (15)

The electrostatic potential is rendered dimensionless

We consider the case where the electrostatic interactionas ¢=qu/(kgT). All geometric length scales are scaled by
both between the adsorbed polyelectrolytes and betweenthe Debye lengthk ~1: R=«r, A=«ka, A;=«ka, and D,
polyelectrolyte strand and the charged surface are screenedxd,. In a solution containing excess monovalent salt, the
by monovalent ions only. The ions originate from the poly-Debye length is defined by x?=87Qgns. Qg
electrolytes, the surface as well as excess monovalent salt=q?/(4mekgT) is the Bjerrum length witty the elementary

The surface, considered smooth, is variably charged butharge, € is the dielectric permittivity,kg is Boltzmann’s
the primary focus is here on surfaces of a charge densitgonstant andT is the absolute temperature. Expressed in
lower than the surface charge density of the polyelectrolyte(nm™2), the number concentration of monovalent salt is re-
The charge density of the surface is uniform. The discretéated to the molar concentratian.; by ns~0.60Z; ;.
nature of the charges, though important especially at low The assumption of constant charge density of the surface
surface charge densities and when close to the surface, ¢ both polyelectrolyte and surface provides two of the
neglected here. The polyelectrolyte, which we model as &oundary conditions:
uniformly charged dielectric cylinder, is highly charged, so
that its electrostatics have to be evaluated within the nonlin-  d¢
ear Poisson—Boltzmann approximatitf® The approxima- ap
tion of the electrostatic field around a semi-flexible polyelec-
trolyte by the electrostatcs of a cylinder is justified as long asvherep is the radial coordinate from the cylinder axis, and
the deflection length is much larger than the Debye length.
Both the surface and the polyelectrolyte cylinder are consid- ﬁ
ered to be ideally polarizable and of low dielectric permittiv- aY
ity. Consequently, image charge effects are important.

The problem of the electrostatics is difficult as it stands.whereY denotes the coordinate perpendicular to the charged
In principle, we not only have to consider the interaction ofsurface(Fig. 4). The dimensionless surface charge densities
one polyelectrolyte strand with the charged surface, but alsare determined by ,=Qgo,/(xq) and X,,=Qgo,/(x0)
the electrostatic interaction between two polyelectrolytes adwhereo, and o, are the signed surface charge densities of,
sorbed on the surfadéig. 3). As no quantitative analytical respectively, polyelectrolyte and surface, measured in el-
approximation is immediately obvious, apart from lineariz-ementary charges per unit surface area. By the boundary con-
ing the Poisson—Boltzmann equation, we initially opt for theditions Eqgs.(16) and (17) we assume the dielectric permit-

ELECTROSTATIC FREE ENERGY

= —4n3,, (16)
p=A

=—47X,, a7

Y=0
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tivities of both surfacesep for the polyelectrolyte cylinder TABLE I Poisson—BpItzmann parameténs (.:alculated following Ref. 37.
and ¢, for the charged substrat€ig. 2), to be negligible to DNA hardcore radiusr=1.0 nm, _ DNA linear charge Qen5|tyu=_
th f th uti —5.9 g/nm.£ has been computed with the help of the analytical solution to
€ one of the aqueou.S. solution. . the cylindrical Poisson—Boltzmann equation listed in Ref. 44.
A number of additional boundary conditions comple-
ment the set of equations. First, we require that the electro- c (M) x~* (nm) ¢
static potential vanishes into the solution:

0.001 9.61 0.647

0.01 3.04 1.34

$(Y—*)—0. (18 0.1 0.961 4.07

Second, the potential is symmetric with respect to the plane 0.2 0.680 6.38

perpendicular to the surface which runs through the center of (?'755 gggg ;j'g

the adsorbed polyelectrolyte: 1 0.304 373

d
W = 0, (19)
X=0

whereX denotes the coordinate parallel to the charged surgirst we focus on the electrostatic interaction between two
face (Fig. 4). Third, thfe potential is symmetrlc.wnh_rt_—:'spect polyelectrolytes adsorbed on the charged surface.

to the plane perpendicular to the surface whph divides the a5 two adsorbed strands will generally strongly repel
space between two adsorbed polyelectrolytes into two:  gne another, we anticipate that, in prevailing cases, the clos-

ad est distance between the surfaces of the strands in the ad-
X =0. (200 sorbed state will remain relatively large, i.e., larger than
X=A/2 about two times the Debye lengtkig. 3). For two isolated

The set of equationgl5)—(20) is solved numerically us- polyelectrolytes, the inner double layers, which are nonlin-
ing a finite element methotsee the Appendix for detajls early screened, are then left unperturbed by the interaction
The total electrostatic free energy associated with unit lengtietween the polyelectrolyte$or some additional justifica-
of adsorbed polyelectrolyte is then calculated via a numericalion, see also Ref. 35The effective charge density of the
integration over the electric field and the entropy of the smalpolyelectrolytes, for which the far field of the electrostatic

ions#! potential matches the Poisson—Boltzmann potential, is sub-
sequently calculated following the procedure by Stroobants
7 eltot _ K 2 N+ _ et al®” The free energy of electrostatic interaction of two
d§ (Vé)“+n.|in 1 i o
keT ~ 87Qg Js Ns strands may then simply be calculated by multiplying the

electrostatic field of one of the polyelectrolytes by the effec-

n ln=_1)42n (21)  tive charge of the other oné:*®
-\ sl
. . . F §2 2 1/2
where the domain of integration extends frots= —A/2 to el _ 5 |28 exf — xal. (24)
X=A/2 and fromY=0 to Y—o. The distributions of posi- keT Qs ka

tive and negative small ions are given hy =ngexp(— . . o
g g ¥ =Nsexp( ) ¢ is an effective charge parameter, which is most conve-

and n_=ns exp(f), wherens is the concentration of small niently evaluated using Philip and Wooding’s solution to the

ions in the solution outside of the slit. L7 . i34
We obtain the free energy of double layer interaction bycylmdncal Poisson—Boltzmann equation.”In Table |, val-
yes of ¢ for an idealized DNA cylinder are collected for

subtracting the free energies of the isolated double layers

. 0 various concentrations of monovalent salt. In E4), a fac-
therX:)engnoé?;g cyhnderfng and charged surfacey, (see tor 3, to avoid double counting, and a factor 2, because of the

presence of two nearest neighbors in the adsorbed polyelec-
}—elz}—el,tot_]:(e)

—aFy?,. (22)  trolyte lattice, mutually cancel.
. . As a first approximation, we assume thats not influ-
The free energy per unit surface area of an isolated doubl
layer is given by142

lp

&nced by the presence of the surface. At low charge density
of the charged surface and at moderate to high concentra-
F2| 2kS _ tions of excess salt, this seems plausible, but its ultimate
KT Q—B[|n(5|mf|¢i(0)|/2) validity is to be determined from a comparison with the nu-
merical results. In fact, an analogous assumption was made
+ (sinkP(| ¢ (0)]/2) + 1)Y?)+ sinh~ (| ¢;(0)|/2) long ago in a famous paper by Onsager and Sanfaras.

. 12 In the second place, we need to derive an expression for
X[1=(sinF(|¢;(0)/2)+1)*]]. (23 the electrostatic potential between a cylinder and a surface
As a fully numerical approach towards the electrostatic freébased on the Poisson—Boltzmann equation. We start with the
energy of highly charged polyelectrolytes in adsorbed statesne-dimensional Poisson—Boltzmann equation, which, in
is rather inconvenient, in particular when further free energyterms of the scaled variablesand Y= «y, becomes
contributions are to be taken into account in the minimiza-
tion of the free energy, we forward here an approximate ana- dz_¢
lytical method based on the Poisson—Boltzmann equation. dY?

=sinhg. (29
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For two interacting surfaces of dimensionless surface charge 2 473, 2
densitiesS, ands.,, the boundary conditions B= @marctanié - @2—) 0<C<16m°%y, (39
do¢ do¢
— =—4n3,, —y| =-473, (26) 2 4nX,
dyi{,_, dy v_o B=— Warcta T —on) C<O. (35

have to be satisfied.
Equation(25) may be integrated to give the potentigl Again, we obtain the total electrostatic free energy of the

but, for two interacting surfaces, the potential can be exdouble layer from the energy of the electric field in the

pressed in terms of elliptic integrals offWe can substan- double layer and the entropy of the small ions:

tially simplify the problem, however, by recognizing that of

principal relevance here is a highly charged polyelectrolyte Fel(D) __ K deY (d_¢ 2+n (|nn_+_1)
interacting with a fairly weakly charged surface, at small kgT 8mQg Jo dy 1 ng
separationgFig. 2). For the corresponding problem of two

interacting surfaces the restriction¥g> 2., and a slit width n_

D<1 means that the potential is negative everywhere in the tno Inn—o—l +2no/. (36)

slit. Due to the strongly negative Boltzmann weighting, the

slit is essentially depleted of the co-ions of the negatively  We obtain the free energy of interaction of the double
charged surface, which are the counter-ions of the positiveJayers by subtracting the free energies of the isolated double
charged surface. We therefore approximate: layers:

Sil’]hd)%— %qu_d’)- (27) FeI:FeI,tot_ Fgl,p_FgI,W' (37)

Using d?¢/dY?=1/2d/dp(dp/dY)?, Eq.(25) is readily in-

; ted i F, _ andFY, , are the electrostatic free energies of the iso-
egrated one time: \ :

lated double layers.
d¢ " . We next consider the free energy gf electrostatic interac-
av - *[exp o)+ C]H4 (28 tion of the charged polyelectrolyte cylinder and the charged
surface, typically at separations smaller than a Debye length.
where the approximation E€R7) has been used. In our case, We take the curvature of the cylinder surface into account via
the minus sign holds ad¢/dY<0 everywhere. The second a Derjaguin approximatioff The potential exerted by the
integration can be written as curved surface is viewed as a superposition of potentials ex-
erted by infinitesimally small parallel surfaces at separations
corresponding to their position along the cylinder surface. In
effect, we thus neglect the effect of curvature on the distri-
bution of small ions in the diffusive double layer. For these
corrections to be small, the radius of cylinder should be
larger than approximately one Debye length.

1
v=-| I fexp )+ 172 9

Depending on the value of the integration const@ntthis
may be integrated to give

1 . 1 . p2 The separation between a point on the cylinder surface
¢=In Ssintf| SCYAB-Y) ||, 0<C<16m"3,, and the surface may be writtéRig. 4)
(30) 0
1 Dw(X)=D+R—[R*+X?]"2~D + SR (39)
¢=—In| —C|cog 5(—0)1’2[5—\(]H , C<0. (31

where we anticipate that fof nearR the contribution to the
total free energy is small.

The electrostatic free energy of interaction of cylinder
and surface may be written

The integration constant8 and C are determined by the
boundary conditions Eq26) and the slit widthD. For a
given value ofD, C has to be determined from the implicit

relations
Fint(d) 2 (R
2 47y, 473, UL _J
D= cm arctan)é — @z—p — arctamé — F’LN) } KeT pa dXFg (D). (39
0<C< 15772231 (32 The free energy is per unit length of polyelectrolyte cylinder.
In the subsequent analysis we will use the electrostatic free
2 1 —4772,1)’2+ cl? energy of interaction, calculated either via the depletion and
D= (—o)” 5'” T aas i Derjaguin approximation$Eq. (39)], or via the numerical
P solution of the Poisson—Boltzmann equatipgq. (15)]
— 473 Y24 cl2 supplemented by the boundary conditions EG§)—(20) on
—In “aas iR | C<0. (33)  the appropriate gridFig. 8. The various approximations
W made in the derivation of the analytical theory are summa-
B is given by rized in Table II.
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TABLE Il. Approximations inherent in the analytical theory. TABLE lll. (@) Minimum of the electrostatic free energy of interaction at
infinite separation of adsorbed polyelectrolytes as function of the charge
Ordered phase of parallel polyelectrolytes a<P density of the positively charged surfaee,= — 1 g/nn?, concentration of
Long polyelectrolytes L>P monovalent salt;.,=0.1 M, polyelectrolyte radius=1.0 nm, persistence
Cylindrical geometry for electrostatic potential of KA>1 length P=50 nm, Qg=0.715 nm. (b) Minimum of the electrostatic free
semi-flexible polyelectrolytes energy of interaction at infinite separation of adsorbed polyelectrolytes as
Derjaguin approximation kr=1 function of the concentration of monovalent sait,=—1 g/nnt, o,
Depletion approximation kd<1 =0.2 g/nn?, polyelectrolyte radiusr=1.0 nm, persistence lengtiP
Depletion approximation |op|>] 0] =50 nm, Qg=0.715 nm.
Electrostatic far field between polyelectrolytes a=2r+2x*
Electrostatic superposition YalkgT<1 (@ min(Fe (A= )) mMin(Feyanar)
oy (g/nn?) (kgT/nm) (kgT/nm)
0.05 —0.116 —0.108
0.1 —0.402 —0.212
DISCUSSION 0.2 134 0.660
Electrostatic interaction 03 —258 -1
0.4 —3.98 —2.28
We investigate the properties of the electrostatic free en- 0.5 —5.38 —-3.35
ergy of interaction between polyelectrolyte cylinder and 0.75 —9.31 —6.43
charged surface by numerical examples. The parameters ! ~120 ~6.24
characterizing the polyelectrolyte are chosen to mimichb) min(Fy (A=)) MiN(Fe anal)
double-helical DNA in the B-form, i.e., we set the surface c (M) (kgT/nm) (kgT/nm)
charge density of the polyelectrolyte equal t@,= 0.001 148 _312
—1.0 g/nnf, which corresponds to the unhydrated DNA ra- 0.01 —5.39 —1.64
dius of about 1.0 nm and the charge density of two negative 0.1 -1.34 —0.660
phosphate charges per base pair of 0.34 nm axial length. 8-; —8-212 —g-ggi
The free energy of interaction is negative at large sepa- 1 _0.238 _0.330

rations, due to the electrostatic attraction between the oppo-
sitely charged surfaces, but, owing to the dielectric polariza-
tion of the polyelectrolyte cylinder and the charged surface—
both assumed to have a dielectric permittivity of zero—and
the osmotic pressure of the small ions in the slit, the freebinding energy of an isolated polyelectrolyte adsorbed on the
energy becomes positive at very small separations, givingharged surface. In the second column of both tables, the
rise to an effective repulsion between polyelectrolyte ancklectrostatic free energy minimum of the polyelectrolyte-
surface. The electrostatic free energy curves therefore disharged surface as calculated using the finite element method
play a minimum as function of the separation betweenis given at infinite separation of adsorbed polyelectrolytes.
charged surface and polyelectrolyte because of image chardéis equals the electrostatic binding free energy of an iso-
effects. lated polyelectrolyte and can directly be compared with the
At the given charge density of the polyelectrolyte sur-electrostatic free energy calculated via the analytical ap-
face, this minimum occurs at polyelectrolyte-charged surfacg@roximation, which is given in the last column of Table(&
separations on themgstrom scale for charge densities of the and (b).
adsorbing surface which are not too highe., around From Table ll{a), it is seen that the agreement between
0.1 g/nn?). In the establishment of a binding equilibrium, it the electrostatic binding free energy calculated numerically
is therefore the minimum of the electrostatic free energy as and analytically is fairly good. As anticipated, this agreee-
function ofd which is of importance. An adsorbed strand is ment is good in particular at lower charge densities of the
in effect undulating around the minimum of this potential charged surface. For the whole range of charge densities of
energy well. A complete quenching of the adsorbed layer ofthe adsorbing surface, the difference between the numerical
polyelectrolyte is prohibited by this minimum and the rela- and analytical values is smaller than a factor 2. The electro-
tive flatness of its slopes. For charge densities of the adsoristatic binding free energy within the fully numerical analysis
ing surface which are very higlaround 1 g/nrf), the mini- is higher than with the analytical analysis, which can be un-
mum shifts to values ofl which are much smaller than the derstood as the electric field extends beyond that part of the
typical molecular or ionic dimensions. In these cases, a cutsurface which is directly covered by the adsorbed polyelec-
off length dy has to be set in the free energy minimization trolyte.
(see below. The electrostatic binding free energy varies strongly as a
For charge densities,, lower than a critical value, the function of the concentration of excess monovalent salt
free energy of interaction increases continuously with de{Table Illb). Whereas the electrostatic binding free energy is
creasing separation, the effective force thus being repulsivabout 74kgT per persistence length at an ionic concentra-
at all separations. For strands to remain adsorbed, the miniion of 0.001 M, it decreases to KT per persistence length
mum in the interaction free energy should of course beat 1 M excess monovalent salt. The analytical route leads to
lower, in order to overcome the thermal energy of the semian underestimate of the binding free energy at lower ionic
flexible chains. strengths, but, as expected, provides rather accurate values at
In Table Ili(a) and (b), we compare the electrostatic higher salt concentrations. It is clear that by “salting-out,”
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1.1 teraction between an adsorbed polyelectrolyte and the
~ 10 charged surface as function of the separation between neigh-
‘8% 0.9 boring polyelectrolytes in the polyelectrolyte-charged sur-
v face complex. It is seen that the effective electrostatic inter-
E 081 action diminishes strongly when the adsorbed
= 071 polyelectrolytes approach one another to within about 3 De-
S 061 bye lengths. These nonlinear effects are pronounced in par-
uj 05 ticular when the ionic concentration is low and the charge
E 04 . density of the adsorbing surface is high and limit the appli-

' cability of the analytical theory.
0.3 y : : ' ; ; y In addition, in the analytical theory, it is assumed that the
6 1+ 2 3 4 5 6 7 8 electrostatic interaction between adsorbed polyelectrolyte
a 3 [nm] chains is not influenced by the presence of the surface. This
is likely to be a good approximation at low charge densities

11 of the charged surface, but its validity is uncertain otherwise.
= 101 We do not provide graphical results on the effect of the
% 0.9 A charged surface on the electrostatic interaction between the
% 0s | adsorbed polyelectrolytes, but, instead, in Table 1V, the fit-
E ting coefficients for the effective interaction is given. As it
::o 071 turns out that, for salt concentrations above about 0.01 M,
$$ 0.6 1 the functional form of the effective interaction between ad-
i;, 0.5 - sorbed polyelectrolytes is close to the form of E24), we
E 04 may represent the electrostatic interaction by two param-

03 eters: an effective linear charge density and an effective

~ o 1 5 3 4 5 (local) Debye screening length™ . From Table IV, we ob-
A, 1 serve that, for the conditions of interest to our study, the
b effective Debye length is very close to the Debye length in
the bulk solution, provided that the ionic concentration is

FIG. 5. Minimum of the free energy of electrostatic interaction betweenabout 0.1 M or higher and the dimensionless separation be-
polyelectrolyte and surface as function of the distance of closest approaciiyeen surface and adsorbed polyelectrolytes larger than
between adsorbed po_lyglgctrolytes, p.Iottedias the rat!o wlth the minimum o(tjbout 0.01. At low ionic strengths and very close to the
the free energy at infinite separatlon.pfflq/nmz, r=1.0nm, Qg ! .
=0.715 nm.(a) Variation in charge density of the positively charged sur- charged surface, we find that the effective Debye.length be-
face; curves from bottom to topr,=0.05 g/nm, 0.1 g/nn¥; 0.2 g/nnf; comes somewhat shorter than the bulk one. The fitted values
0.3 g/nnt; 0.4 g/nnf; 0.5 g/nnf; 0.75 g/nnf; 1 g/nnt. (b) Variation in salt  for the effective linear charge density; are close to the
concentration; upper dashed cun®:;=0.001 M; lower dashed curve: \5lues derived for an isolated polyelectrolyT@ble ), but at
¢,.,=0.01 M; solid curves from bottom to top;.;=0.1 M; 0.2 M; 0.5 M, . . .
M. high salt concentrations they remain somewhat lower.
Our results confirm and extend the findings of Ospeck
and Fraderi® who studied the effects of confinement by two

the adsorbed polyelectrolytes can in principle be made tsurfaces on the electrostatic interaction between parallel cyl-
desorb from the charged surface. inders. However, in our case, the reduction of the effective

The electrostatic interaction of an adsorbed polyelectroscreening length at separations down to about 0.1 Debye
lyte is influenced by the presence of nearest neighbors in thiength is much weaker than in their study. This is in part the
array of adsorbed polyelectrolytes. In Figéa)sand 5b), we  case because the confinement by two surfaces or by a pore is
plot the variation in the minimum of the free energy of in- much stronger than the confinement effected by a single sur-

TABLE IV. Free energy of electrostatic interaction between adsorbed polyelectrolytes from the finite-element calculations. The data aredrégresent
effective charge parametef,; and an effective screening Iengtlfgﬁ1 as fitted to Eq.(24). ap:flq/nrr?, 0,=0.2 g/nnt, polyelectrolyte radiug
=1.0 nm, persistence lengfh=50 nm,Qz=0.715 nm. Data foc,.,=0.001 M are not given as the interaction curve can not well be represented using a fit

to Eq. (24).
0.01 M 0.1M 0.2M 05M 1M

D Eett Keff (nm_l) Eett Keff (nm_l) Eett Keff (nm_l) Eett Keff (nm_l) Eett Keff (nm_l)
0.01 2.75 0.415 3.85 1.01 5.07 1.38 9.05 2.12 20.3 1.34
0.05 2.80 0.415 4.13 1.03 5.16 1.39 9.23 2.13 20.1 1.33
0.1 2.82 0.414 4.02 1.02 5.16 1.39 9.59 2.16 19.7 1.29
0.5 2.53 0.389 3.92 1.02 5.25 1.41 9.56 2.17 20.4 1.32

1 2.07 0.362 3.54 1.00 4.67 1.38 9.33 2.17 20.5 1.30
5 1.35 0.306 2.84 0.97 4.16 1.37 9.21 2.19 21.0 1.29
10 1.28 0.298 2.79 0.96 4.16 1.37 9.11 2.18 21.1 1.29
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face. In addition, from an electrostatic point of view, we TABLE V. (a) Interstrand spacing and separation between polyelectrolyte
focus here on a regime which is the opposite from the Onémd surface as a function of the charge density of the charged surface cal-
L culated using the Poisson—Boltzmann equation and the analytical approxi-
Stu.dled in Ref. 46, namely a Strongly charged pOIyele(_;trOIYtqnation following Eqs(24) and(39). PB: Poisson—Boltzmann theory; Anal.:
cylinder and a weakly charged surface. Because of its higinaiytical theory.s,= — 1 g/nn?, c¢;,;=0.1 M, polyelectrolyte hardcore di-
charge density, the polyelectrolyte remains the dominatingmeter r=1.0 nm, polyelectrolyte persistence lengf=50 nm, Qg

factor in the electric double layer and the effective screenings0.715 nm.(b) Interstrand spacing and separation between polyelectrolyte

Iength is only Weakly perturbed from the solution one. in and surface as a function of the excess monovalent salt concentration cal-
'~ "culated using the Poisson—Boltzmann equation and the analytical approxi-

particular for concentrations of excess monovalent salt abovgation following Eqs(24) and(39). PB: Poisson—Boltzmann theory; Anal.:
0.01 M. Analytical theory.c,= — 1 g/nn¥, o,=0.2 g/nnf, polyelectrolyte hardcore
Concomitant with the decrease in screening length, thdiameterr=1.0 nm, polyelectrolyte persistence lengkh=50 nm, Qg
effective charge density of the polyelectrolyte increases with~ 0-715 nm. Numbers in italics refer to conditions outside the range of
. . . s . validity of the analytical theory.
decreasing separatiah This effect, which is pronounced in

particular at low salt concentrations, shows the influence of) a (nm) d (nm)
. . a
ter;gc?r;zjgl);?eachmg surface on the surface potential of the pol){;w (i) (M) B Al B Anal.

For separations between surface and cylindrical poly- 0.05 ? 9.86 ? 2.09
electrolyte which are smaller than about 0.1 Debye length, 8'; 2'32 g'gg é'gé é";g
we find that both the effective screening length and the ef- 03 392 467 034 047
fective charge density decrease slightly with decreasing 04 3.39 4.08 0.23 0.40
This is caused by the dielectric discontinuity at the adsorbing 0.5 2.68 3.66 0.17 0.21
surface, which is now very nearby. 0.75 2.34 2.94 0.10 0.10

1 2.07 2.58 0.05 0.02
Adsorption equilibrium ® a (nm) d (nm)

The equilibrium structure of the adsorbed phase is ob- c (M) PB Anal. PB Anal.
tained by minimizing the total free energy following E&) 0.00L 5.90 131 0.58 0.67
and Eq.(8) or Eq. (10) for, respectively, the full Poisson— 001 595 6.20 061 0.85
Boltzmann model and the analytical theory. The parameter 0.1 4.78 5.58 0.58 0.78
characterizing the system which is of main experimental in- 0.2 4.46 4.95 0.48 0.68
terest isa, the average separation between the adsorbed 0.5 447 4.27 0.43 0.53
strands. ! 4.29 0.37

At this point, we emphasize again that coexistence of theno adsorbed state.
adsorbed phase with the polyelectrolyte solution is essential
to determine the equilibrium density of the adsorbed poly-
electrolytes, even if any realistic value of the chemical po-the polyelectrolyte-surface spacidgare given for a range of
tential of the polyelectrolyte in solution does only weakly values of the charge density of the positively charged sur-
influence the interstrand spacing. In effect, the pecise valutace, from both the full Poisson—Boltzmann model and the
of chemical potential of the polyelectrolyte in solution doesanalytical theory. As expected, the average spacing between
not matter that much, but polyelectrolyte molecules must behe adsorbed polyelectrolytes decreases continuously with
able to adsorb from the solution onto the surface, or desorimcreasing charge density of the charged surface, from about
from the surface into the solution in order to establish the7 nm at 0.1 g/nrito about almost close packing at 1 g/m
equilibrium adsorbed state. In coexistence with the polyelecBelow a critical charge density of the charged surface, the
trolyte solution, it is then théattractive interaction between polyelectrolytes do not adsorb. This critical value for the
polyelectrolyte and surface, th@epulsive interaction be- surface charge density is about 0.07 gfrexcording to the
tween two adsorbed polyelectrolytes and the free energy diill Poisson—Boltzmann model and about 0.03 ¢fnat-
confinement of the semi-flexible chains which control thecording to the analytical theory. The excellent agreement be-
interstrand spacing. tween the full Poisson—Boltzmann model and the analytical

We investigate the properties of the model by way oftheory[Table Ma), Fig. 6] is somewhat fortuitous, as several
numerical predictions for the adsorption of DNA in the of the basic assumptions of the analytical theGFgble II),
B-form. The surface charge density of DNA is approximatelymost importantly the additivity of the electrostatic potentials
1 negative phosphate charge per’remd the DNA hardcore for two adsorbed polyelectrolytes and the depletion of
radius is about 1.0 nm. The DNA persistence lenBths  counter ions from the spacing between surface and polyelec-
taken to be 50 nm, independent of the ionic conditions. Therolyte, are clearly violated at high values of the charge den-
chemical potential of the polyelectrolyte in solution is ne- sity of the adsorbing surfadsee, e.g., the last entry of Table
glected, since, as argued above, the density of the adsorb#th). The values fod agree well between both versions of
phase is only very weakly dependent on the chemical poterthe theory.
tial of the polyelectrolytes in solution and, consequently, in  In Table b), we have collected a range of values of the
the dilute regime, on the bulk concentration of polyelectro-interstrand spacing as a function of the concentration ex-
lyte. cess salt. Again, we observe that the predictions from the

In Table a), values for the interstrand spacimgand  Poisson—Boltzmann theory are close to those of the analyti-
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FIG. 7. Phase diagram of the two-dimensionally ordered state of adsorbed

FIG. 6. Equilibrium strand spacirgas function of the charge density of the S€Mi-flexible polyelectrolytess,=—1 g/nn?, P=50 nm, r=1.0 nm. Qg
charged surfacex™'=0.96 nm (0.1 M 1:1 sall. o,=—1g/nn?, P =0.715 nm.
=50 nm, r=1.0 nm, Qg=0.715 nm. Line: analytical theory; symbols:
Poisson—Boltzmann theory.
potential or streaming-potential measurem&ns by func-

tionalized tips in atomic force microscogAFM),*8 is en-

o ) tirely another matter, however.
cal theory for ionic concentrations above about 0.01 M. The

guantitative agreement between both versions of the theo
is a priori expected only at higher salt concentrations. Mos
likely by some coincidental cancellation of electrostatic ef- ~ During the last decade, a significant number of experi-
fects, the agreement between the Poisson—Boltzmann theofjental studies were directed towards the electrostatic ad-
and the analytical theory holds down to fairly low ionic sorption of polyelectrolyte¢see, e.g., Refs. 8, 16 and)49
strengths. The collapse witnessed in the interstrand spacinghe general conclusion is that, in contrast with the adsorp-
at very low salt concentratior(see the entry fom at 0.001  tion of neutral polymers, polyelectrolytes form a dense, thin
M for the analytical theory in Table Vkis probably an arti- 1ayer on adsorption, the effective thickness of which is often
fact of the analytical theory, although some reduction of in-only of the order of the diameter of the polyelectrolyte chain.
terstrand spacing with decreasing salt concentration is alsbhe reversal of the charge sign of the surface upon adsorp-
observed for the full Poisson—Boltzmann model. An impor-tion effectively blocks the building up of a thicker layer.
tant and nontrivial observation from Table(ty is that the ~ Only for very weakly charged flexible polyelectrolytes one
interstrand spacing is only a very weak function of the salxpects a more loose, spatially extended structure of the ad-
concentration above about 0.1 M of excess monovalent salgorbed layer.

:E‘xperimental situation

Note that from the results presented in Tabl@\and (b) it ~ Ordered phaseg of adsorbed (_:har%ed species have been
can be seen that the approximations made in deriving thwitnessed for DNA® and virus particles? The experiments
theory are fulfilled(Table 1. by Fang and Yarmyturn out to be most useful for a first

As stated in the previous section, desorption of the adqualitative assessment of our theory. Using AFM they have
sorbed strands can be achieved by increasing the Concentr\dsualized the structure of relatively short fragments of DNA
tion of monovalent salt. Based on the Poisson—Boltzman@dsorbed on supported cationic membranes. The surface
calculations, we expect the salt-induced desorption of DNAcharge density of the surface was estimated to be about 2.5
to occur at salt concentrations around 1 M, for charge denelementary charges per square nanometer, which is about one
sities of the positively charged surface which are less tha@rder of magnitude higher than the surface charge densities
about 0.2 g/nrh In Fig. 7, the phase diagram depicting the We are aiming at. Therefore, a quantitative comparison of our
stability of the adsorbed phase of ordered polyelectrolytes is
shown fOI’ the ca;e Of, the Ide,allzed DNA (_:y“nder' TABLE VI. Interstrand spacing as a function of the excess monovalent salt

An issue of final interest is the effective charge of theconcentration. The electrostatic interaction is calculated using the Poisson—
surface with adsorbed polyelectrolytes. A rough estimate oBoltzmann equation and the total free energy is minimized using the set

the onset charge reversal is straightforw&rd: value of the cut-off lengtit. o= —1g/nnt, o, =1 g/nnt, polyelectro-

lyte hardcore diameter=1.0 nm, polyelectrolyte persistence lengkh
2mr oy =50 nm, Qg=0.715 nm.
a ~ (40
Ow a (nm)

As can |mmed|ately be inferred from Tables V and VI, re- d,=0.3 nm do—0.5nm =07 nm

versal of the effective charge of the surface occurs for vir-

tualy all values of the surface charge density in the case of 0.1 g-go ;-4(8) g-go

adsorption of a highly charged polyelectrolyte like DNA. 2'53 3'38 3'3;

How the electrostatic potential of the polyelectrolyte-covered 268 337 3.64

surface is probed in experiment, for instance by zeta
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theoretical results with the data of Fang and Yang is not The electrostatics of adsorption are addressed analyti-
feasible. A number of important qualitative conclusions cancally within the Poisson—Boltzmann approximation. Various
be drawn, nevertheless. approximations made in deriving the analytical theory have
Fang and Yang have found that under conditions wherdeen corroborated by more elaborate numerical calculations
the lipid surface layer exhibited two-dimensional fluidlike based on the full Poisson—Boltzmann equation. The analyti-
behavior, the DNA adsorbed in ordered domains in which thecal theory gives virtually quantitative results for charge den-
strands were oriented more-or-less in parallel. The regularitgities of the positively charged surface of about 0.2 d¢/nm
of the ordering was such, that, upon Fourier transforming thend lower and salt concentrations between about 0.01 M and
AFM image, well-defined Bragg peaks were observed. FromiM. A main conclusion arising from this work is that the
these Bragg peaks, the average interstrand spacing of thmlancing of the electrostatic forces in the charged-induced
adsorbed phase was determined as a function of the conceformation of adsorbed complexes is of a subtle nature, but
tration excess NaCl in the bulk solution. Interestingly, thesome of the effects associated with the numerical solution of
spacing was found to increase with increasing bulk salt conthe Poisson—Boltzmann equation for geometry of an array of
centration. At 20 mM NacCl, the spacing was approximatelyadsorbed polyelectrolytes in fact cancel and a simple analyti-
4.2 nm, within the margins of experimental error increasingcal model works rather well.
almost linearly to 5.8 nm at 1 M NaCl. Although we are In the present work, we have neglected the consequences
principally aiming at charge densities of the adsorbing surof the dimensionality of the system for the formation of or-
face which are about an order of magnitude lower than thosdered structures. Order in two dimensions is in general of a
in the experiments by Fang and Yang, it still is of interest todifferent nature than order in three. Long-range order may
see what occurs when the surface charge density is stronggxist in specific cases but in many others the order is essen-
increased. In Table VI, the lattice spaciagcalculated using tially local as the total displacements of the two-
the Poisson—Boltzmann equation, is given as function of thelimensionally ordered particles diverge logarithmically even
concentration of excess monovalent salt, at a charge densitfjthe root-mean-square amplitude of the undulations remains
of the adsorbing surface of 1 g/AmAs under these condi- finite.32 This should not significantly affect the local packing
tions, no physically realistic minimum is observed in the of adsorbed strands, however.
total free energy as function af, we minimize the free One general consequence of order in two dimensions is
energy of the system under the conditiba d,, wheredyis  that the defect density is high. Indeed, one qualitative obser-
a fixed separation between surface and polyelectrolyte cylinvation from the experiments on the adsorption of DNA on
der determined by the molecular detail of surface and polysupported cationic membrariéss that the defect density of
electrolyte. In Table VI, values of the interstrand spacing arghe two-dimensionally structured layer is high, although the
calculated by setting the minimum distance of approdgh interstrand separation is well-defined. Another explanation
to 0.3, 0.5 and 0.7 nm. Interestingly, in line with the obser-for this could be that, although the adsorbed DNA strands
vations of Fang and Yang, we find thatindeed increases may have sufficient time to find their equilibrium position
with the ionic strength at these higher values of the chargéocally, the system is not in equilibrium since some of the
density of the charged surface. complex entanglements and defect-like structures formed in
the initial phase of the adsorption process may have relax-

ation times much longer than the time frame of the experi-
CONCLUDING REMARKS ment.

In the current paper, an analytical theory based on a These remarks are not more than speculations at present;

two-dimensional model is forwarded to describe the electro!°'€OVEr given the complex phenomena witnessed, further

static adsorption of semi-flexible polyelectrolytes. TheStUdy into the_nature of thgse .two—dir.nensionally ordered sys-

theory incorporates three principal physical effects: the en'gems and their electrostatics is required.

tropy of the adsorbed polyelectrolytes adsorbed into the two-

dimensional lattice, the electrostatic interaction betweerf, P PENDIX: NUMERICAL EVALUATION OF THE
ADSORPTION EQUILIBRIUM

charged surface and adsorbed polyelectrolyte and the electro-

static interaction between the adsorbed polyelectrolytes. We The Poisson—Boltzmann equati¢gq. (15)] is imple-

stress again the limited scope of the theory. In Table I, themented in the finite-element software package FlexPDE ver-

principal approximations made in its derivation are listed. Itsion 3.01(Ref. 53 and is numerically solved on the domain

is clear that, in specific cases, additional factors could beshown in Fig. 8 subject to the boundary conditions Egs.

come important, like those related to the state of hydration of16)—(20). The electrostatic free energy is obtained by inte-

the surface. The satisfying agreement of our predictions ograting the electrostatic potential over the domain following

the ionic strength dependence of the interstrand spacing dhe discretized version of Eg21).

DNA adsorbed on supported cationic membranes with the FlexPDE employs an adaptive routine to mesh the finite

experimental dafamight be fortuitous. However, we note element grid according to the gradients in the dependent

that recent experimental work on the characterization of theariable and the desired accuracy. An estimated error of at

interactions in DNA-cationic lipid complex&ssupports the maximum 0.1% in the integrated free energy is ensured by

notion that the interactions in such systems are indeed presetting the tolerated estimated error over any individual cell

dominantly electrostatic. A Poisson—Boltzmann theory of theto 3x10°°. A sufficiently accurate representation of the

charge-induced adsorption is therefore of value. polyelectrolyte surface is obtained by setting the maximum
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Y pendicular to the charged surface alngandA denote the
D+2R+Ly local spacing of the grid i\ andD. The reported values of
A andD are determined by linear interpolation between the
two closest values after the final refinement of the grid spac-
ing. The inaccuracy in the equilibrium values AfandD is

D+2R+ estimated to be about 0.01.
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