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Polynucleotide Adsorption to Negatively Charged Surfaces in Divalent
Salt Solutions

Hao Cheng, Kai Zhang, Joseph A. Libera, Monica Olvera de la Cruz, and Michael J. Bedzyk

Department of Materials Science and Engineering, Northwestern University, Evanston, lllinois

ABSTRACT Polynucleotide adsorption to negatively charged surfaces via divalent ions is extensively used in the study of
biological systems. We analyze here the adsorption mechanism via a self-consistent mean-field model that includes the pH
effect on the surface-charge density and the interactions between divalent ions and surface groups. The adsorption is driven by
the cooperative effect of divalent metal ion condensation along polynucleotides and their reaction with the surface groups.
Although the apparent reaction constants are enhanced by the presence of polynucleotides, the difference between reaction
constants of different divalent ions at the ideal condition explains why not all divalent cations mediate DNA adsorption onto
anionic surfaces. Calculated divalent salt concentration and pH value variations on polynucleotide adsorption are consistent
with atomic force microscope results. Here we use long-period x-ray standing waves to study the adsorption of mercurated-
polyuridylic acid in a ZnCl, aqueous solution onto a negatively charged hydroxyl-terminated silica surface. These in situ x-ray
measurements, which simultaneously reveal the Hg and Zn distribution profiles along the surface normal direction, are in good
agreement with our model. The model also provides the effects of polyelectrolyte line-charge density and monovalent salt on

adsorption.

INTRODUCTION

For over a decade biomimetic images of surface-stabilized
DNA or RNA have been collected by atomic force micro-
scope (AFM) in air or in aqueous solutions (1,2). Important
AFM studies include DNA condensation for gene therapy,
single-molecule mechanics, and DNA-protein interaction
(3-7). This technique requires DNA or RNA to adsorb onto a
substrate. Surprisingly, one of the commonly used substrates
for AFM imaging of DNA or RNA is negatively charged
mica (8,9). It was found that DNA could tightly bind to mica
with suitable solution concentrations of N iH, C02+, or Zn?"
ions. However, certain other divalent metal ions such as
MgH, Ca2+, Cd2+, or Hg2Jr cannot bind DNA to mica
tightly or cannot bind DNA at all (9). Hansma et al. provided
a reasonable explanation for these observations (9). Namely
the divalent metal ions react with the hydroxyl groups in the
“‘cavities’” of mica surface. The ions with large ionic radii
cannot fit into the mica cavities and therefore cannot bind
DNA to mica. However, narrow ionic strength conditions are
often required for adsorption, suggesting a more complex
mechanism.

The mechanism of polyelectrolyte adsorption onto an
oppositely charged surface is straightforward. The release of
surface counterions and/or the condensed counterions of
polyelectrolytes decreases the total free energy (10-12).
However, when polyelectrolytes adsorb onto a like-charged
surface, more counterions need to be attracted onto the
surface to neutralize the charge. The loss of the counterion
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translational entropy is free-energy unfavorable. Therefore
the ion-mediated adsorption has to involve strong correla-
tions and/or specific interactions. An understanding of this
mechanism will aid in tuning the adsorption of DNA or RNA
by adjusting salt concentration, pH value, or other param-
eters. Such an understanding will also help clarify the inter-
actions of RNA-membrane, protein-protein, DNA-protein,
and other biological systems that involve the electrostatic,
specific, and short-range interactions.

Possible scenarios to explain the mechanisms of DNA
adsorption onto negatively charged surfaces include corre-
lations among condensed ions along the DNA and/or the
surface, ignored by the Poisson-Boltzmann approach, which
accounts only for long-range correlations. However, mod-
ified approaches, including integral equations, have been
used to carefully include short-range correlations among all
charged elements, and these correlations have been shown to
induce surface-charge inversion under certain conditions
(13); equivalent approaches can also be used to include cor-
relations among multivalent ions, charged chains, and co-
ions to determine the conditions for charge inversion of
linear polyelectrolytes (14). One could naively assume that
the correlations lead to charge inversion of the DNA or of the
surface leading to attractions. The adsorption of DNA onto
mica has also been explained by correlations between
divalent counterions, which nearly neutralized the charge
of both the DNA and the mica (15). However, these possible
mechanisms are not convincing. First of all, Mg2+ condensation
along DNA has been shown by small-angle x-ray scattering to
be in excellent agreement with a nonlinear Poisson-Boltzmann
prediction (16). That is to say, the correlations between divalent
counterions are not large enough to overcharge DNA, and there
are no specific short-range interactions among Mg>* and DNA
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(17). Nevertheless, Mg2+ can weakly bind DNA to mica (18).
Moreover, neither of these suggestions explains why not all the
divalent metal ions can bind DNA to a negatively charged
surface. Since the radii of different hydrated divalent metal ions
are similar, the correlation effects should be similar. Further-
more, these correlation-mediated mechanisms cannot explain
why DNA is not precipitated in a bulk solution of divalent ions
(19). Ion bridging between the anionic surface groups and chain
monomers via divalent ions could explain the counterion-
mediated adsorption if the surface is weakly charged and the
divalent metallic ions have specific interactions with both of the
polynucleotides and the surface such that the short-range
interactions are strong enough to overcome the electrostatic
repulsion between the surface and like-charged polyelectrolytes
(20). However, not all the divalent metal ions that mediate DNA
adsorption have specific short-range interactions with DNA
(18), and DNA can move freely on mica under certain
conditions (9). Therefore, ion bridging, which requires divalent
ions to react with both the surface and the polynucleotides, is
not necessary for adsorption.

To understand the mechanism of polynucleotide adsorp-
tion, we need to know both the polynucleotide and divalent
metal ion distributions. For this, we use the in situ long-
period x-ray standing wave (XSW) technique (21-23) to
measure mercury-labeled polyuridylic acid(5") potassium salt
(Hg-poly(U)) adsorption to a negatively charged hydroxyl-
ated silica surface in a ZnCl, aqueous solution. Compared
with AFM, the advantages of the XSW measurement are that
it can provide quantitative element-specific distribution
profiles, p(z), perpendicular to the surface that have a range
in height, z, that extends from the adsorption surface out
through the micron-thick bulk solution layer. Poly(U) is used
because every uracil base in poly(U) can be completely
mercurated (24) and to avoid complications arising from the
native conformation of RNA. Mercuration makes the study
of poly(U) adsorption become available through x-ray fluo-
rescence (XRF) signals from the Hg atoms induced by the
XSW. Zinc is chosen because of the very weak chemical in-
teraction between Zn>" and poly(U) (17) and because it also
has a detectable XRF signal. Instead of mica, an amorphous
silica surface is employed so that we can compare our theory
and experiment easily and do not need to include the com-
plex structure of mica in our model. Experimental methods
and results are described in Materials and Methods.

In Theoretical Model and Discussion, we outline a mean-
field theoretical model, including the effect of pH on the
surface-charge density and the interactions between divalent
ions and surface groups in the presence of polynucleotides.
When the polynucleotides with their condensed divalent
counterions approach the like-charged surface, the divalent
counterion local concentration increases, promoting the
reaction of the ions with the surface groups (Fig. 1). This
process decreases the total free energy and cooperatively
leads to polynucleotide adsorption. Although we do not
include the divalent ion correlation, which is weaker than the
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bulk solution

FIGURE 1 Scheme for M>* mediated adsorption of a negatively charged
polynucleotide to a negatively charged hydroxylated SiOy surface.

effect of the interaction of the divalent ions with the surface,
we believe this correlation can enhance polynucleotide ad-
sorption. The results of the theoretical model are in good
agreement with our experimental results. We also qualita-
tively compare the theory with the known AFM experimen-
tal results and provide predictions for general polyelectrolyte
adsorption to like-charged surfaces.

EXPERIMENTAL PROCEDURE
Materials and methods
Hg-poly(U) preparation

Polyuridylic acid(5") potassium salt (23802900 units) was obtained from
Sigma Chemical Co. (St. Louis, MO). Poly(U) was labeled with mercury
following the method of Dale, et al. (24). After extensive dialysis, we insured
that all the Hg atoms in the solution were covalently bonded to poly(U).
Compared to the ultraviolet spectra of poly(U), the maximum absorption
peak of Hg-poly(U) showed a 5-nm red shift, which is a sign of full
mercuration (24). Elemental analysis using an inductively coupled plasma
spectrometer (ICP) also confirmed that there was a one-to-one ratio of uracil
to Hg atoms.

Sample preparation

The adsorption surface was the silica surface that formed on top of a Si/Mo
multilayer x-ray mirror that was grown by sputter deposition on a 10 X 25-
mm Si substrate that was 0.4-mm thick. The Si/Mo multilayer had 60 layer
pairs, a periodicity of d = 3.7 nm and a relative Mo thickness of ty,/d =
0.46. The top Si layer forms a 1-nm-thick SiO, layer. The SiO, surface was
hydroxylated (5 silanol groups/nm?) by a treatment (25) that used a 5 wt %
NaOH solution. For the in situ x-ray measurements, the sample was held
inside a reflection-geometry liquid-solid interface cell with a 7-um-thick
Kapton film x-ray window (Fig. 2). Before Hg-poly(U) adsorption, the
substrate surface was flushed three times by injecting 30 ml of ZnCl,
solution with a nominal concentration of 50 wM. Subsequently, a 0.50-ml
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FIGURE 2 Photograph of liquid-solid interface cell. The Kapton film is
sealed against the substrate holder by an annular aluminum ring with the Si/
Mo x-ray mirror substrate in the center. The grazing angle incident beam
direction is along the length of the sample. The three valves are used for
injecting and withdrawing aqueous solutions. The solid-state x-ray fluores-
cence detector collects x-rays that are emitted from the sample surface
through a small window aperture in a Pb cap that covers the detector.

solution of ZnCl, and Hg-Poly(U) with nominal concentrations of 50 uM
each was injected into the cell and then withdrawn after 20 min, leaving a
thin liquid layer (5-um thick) trapped between the substrate and Kapton
film.

In situ XSW measurements

The XSW experiments were carried out at undulator station 5ID-C of the
Advanced Photon Source, Argonne National Laboratory. The detailed
experimental setup, data collection method, and procedure for XSW
measurements have been described previously (21-23). The synchrotron
radiation was tuned to 12.40 keV by a Si(111) monochromator. The incident
beam size was 20-um high by 1-mm wide. Using an integrated system that
includes an x-ray diffractometer and energy dispersive XRF spectrometer,
XREF spectra from the sample surface were collected at each angular step of a
specular reflectivity scan through the first-order Bragg peak of the multilayer
mirror. Scanning in angle 6 through this peak causes the XSW to shift
inward by one-half of a d-spacing, which in turn causes the XRF yield from
each atom to modulate with a characteristic phase that is directly related to
the displacement height z of the atom above the surface.

EXPERIMENTAL RESULTS

Fig. 3 shows the XSW results for the ZnCl, mediated
Hg-poly(U) adsorption onto a hydroxyl-terminated substrate.
The angle 6 dependence of the measured reflectivity (squares)
closely matches the theory-predicted curve (solid black line)
(26) that models the electron-density profile of the multilayer
including the Mo, Si, water, and Kapton layers and their
respective interfaces. The angle 6 dependence of the measured
Zn Ka XRF yield (circles) is modeled by a simple step-
function (Fig. 4) for the Zn atomic distribution profile, p(z).
The three free parameters determined by the fit of the modeled
yield, Y(0) = f p(2)I(0,z)dz, to the data are: the fraction (fs) of
Zn atoms that reside in the condensed layer, the thickness (¢)
of the condensed layer, and the mean height (z) of the
condensed layer above the silica surface. The remaining
fraction (1 — fs) of Zn atoms are partitioned into the dilute and
much thicker bulk layer with thickness tw = 5.5 um as
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FIGURE 3 The XSW experimental data and theoretical fit (solid lines) of
first-order Bragg reflectivity peak (squares) and x-ray fluorescence yields
(Zn Ka, circles; Hg La, diamonds). The dashed line shows the yield for the
case of no adsorption on the surface.

measured by x-ray reflectivity analysis. The same type of step-
function model was applied to the angle # dependence of the
Hg La XRF yield data to determine the same set of free
parameters for the Hg atomic distribution profile. These XSW
findings are listed in Table 1 along with the values of the
XRF-determined Zn and Hg total-depth integrated atomic
densities, nt. These XRF-measured nt values are based on
side-by-side comparison measurements with a calibrated
sample and the calculated XRF emission rate ratio (27) of
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FIGURE 4 The step-function-like distribution profiles for the Zn and Hg
atomic density as a function of height z above the silica surface. These were
used to generate the modeled Zn and Hg XRF yield curves shown in Fig. 3.
The model includes a very thin condensed layer at the liquid/solid interface
followed by a very dilute bulk-solution layer with thickness ¢, = 5.5 um.
The values determined for the models are listed in Table 1.
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TABLE 1 X-ray-determined values for Zn and Hg atomic
distribution profiles shown in Fig. 4

nr ng t () PB tw
Atom  atoms/nm®  atoms/nom®> nm  nm fs uM  um
Zn 0.14 0.031 04 02 022 33 -
Hg 0.13 0.016 07 05 0.12 37 5.5

nt, total depth-integrated atomic density from XRF; ng, surface condensed
layer atomic density from XSW and XRF; ¢, thickness of condensed layer
from XSW; (z), mean height of condensed layer from XSW; f, fraction of
atoms in condensed layer from XSW; pg, concentration of atoms in bulk
layer from ICP, XRF, and XSW; t#w, thickness of bulk water layer from
x-ray reflectivity.

1.69 for the Hg Lo (at 9.98 keV) to the Zn Ka (at 8.63 keV).
The x-ray transmission factors for the water and Kapton layers
were also included in the calculation of the E-field intensity,
1(6,2). Also listed in Table 1 are the x-ray measured surface
condensed-layer atomic densities (ng = f; nt) and bulk layer
concentrations (pg). Note that these concentrations are
reasonably close to the expected nominal 50-uM concentra-
tion of the original solution.

For reasons of comparison, the XRF yield curve that
would have been observed for the case of no surface
condensation (i.e., fs = 0) is shown as a dashed line in Fig. 3.
The observed deviations of the data from this line indicate
that a condensed layer of Zn and a separate condensed layer
of Hg-poly(U) occur under these conditions. Correspond-
ingly, the thickness ¢ of the condensed layer is 0.4 nm for Zn
and 0.7 nm for Hg. The measured yield curves in Fig. 3 for
the Zn and the Hg are distinctively different and lead to the
two distinctively different atomic density profile curves
depicted in Fig. 4, with the condensed layer of Zn atoms
narrower and closer to the silica surface and the Hg layer
thicker and displaced outward.

THEORETICAL MODEL AND DISCUSSION

Polynucleotide adsorption to like-charged surfaces in diva-
lent salt solutions is widely used in biological studies. The
revelation of the density profiles of both the divalent ions and
the polynucleotides provides a unique opportunity to de-
velop and test a divalent-ion-mediated adsorption model. We
propose here a self-consistent theoretical model incorporat-
ing our XSW experimental results to explain the adsorption
mechanism and factors affecting the adsorption.

We first describe the reactions that lead to the formation of
charges on the surface. In our experiment, silanol groups on
the top of silica surfaces dissociate in aqueous solutions and
make the surfaces negatively charged via the reaction

—SiOH + H,0= —Si0” + H;0". €))

The above reaction has a dissociation constant K, and the
pK. = —logK, value is 7.2 (28). The surface-charge density
or the reaction balance is not simply determined by K,. The
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local environment, such as the local electrostatic potential
and short-range interactions when applicable, modifies the
reaction balance. The modifications are included in our
model. We take into account another reaction that occurs in
the presence of divalent salts. The divalent metal ions react
with silanol groups and create positive charges via

—SiOH + M**H,0= — SiOM" + H;0". ()

The association constant K in Eq. 2 varies with different
kinds of metal ions. The available pK = —logK values range
from 8.1 for Mg*" to 5.1 for Pb>* (29). Although in the bulk
solution divalent metal ions may bind to two silanol groups,
this is unlikely on a surface due to surface structural con-
finement (28) and therefore is excluded from our model.
Some divalent metal ions strongly interact with the surface
and may invert the surface charge at high salt concentration.
However, as shown here, surface-charge inversion does not
occur at low divalent salt concentration and is not necessary
for polynucleotide adsorption. A silica surface in a solution
with low divalent salt concentration is highly neutralized by
the condensed reacted and unreacted metal ions, but still
negatively charged. The balance of reaction in Eq. 2 is not
only determined by K. It is also modified by the electrostatic
potential, which is a function of the local ionic concentra-
tions.

A well-known model for metal ion adsorption to nega-
tively charged surfaces is the site-binding model, which
resolves the Poisson-Boltzmann equation by including surface-
group ionization and the reaction of metal ions with surface
groups (30). Although a site-binding model is successful in
explaining the ion surface condensation, it cannot resolve
complicated systems such as the problem of polynucleotide
adsorption to a like-charged surface. To analyze divalent-
ion-mediated adsorption of polynucleotides, we first develop
a simple two-state model for divalent metal ion M)
adsorption to an anionic surface from a MCl, solution. As
discussed below, this model is equivalent to a site-binding
model. We then extend this model to include polynucleotides
(or other polyelectrolytes) in the system. We self-consistently
find the surface density of adsorbed polyelectrolytes and metal
ions, the degree of surface ionization, and the fraction of
reacted surface groups with the metal ions.

Model
Metal ion adsorption on silica surface

In this section we construct the free energy using a two-state
model where the ions can be either on the surface or in the
bulk solution. Minimizing the free energy of this model is
equivalent to equilibrating the chemical potentials of com-
ponents in the bulk solution and on the surface. In the section
of theoretical results, we compare our results with the site-
binding model for ion adsorption from a MCI, solution. Our
method is not only convenient to calculate polynucleotide

Biophysical Journal 90(4) 1164-1174
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adsorption by including ion condensation along polynucleo-
tides, but also convenient for including possible correlation
effects that are too complex to be incorporated by modifying
the Poisson-Boltzmann equation directly. In the calculations,
the free energy is in units of kg7 and includes the following
terms:

F=F,+Fy+F"+F,+F' +F"+F. 3)

The first term is the free energy change due to the silanol
group dissociation and is given by

Fa = _Spﬁl In Kaa (4)

where S is the surface area, p is the silanol group density on
the surface, and f, is the fraction of dissociated silanol groups.
Then Spf, is the total number of dissociated silanol groups.

The second term in Eq. 3 results from the chemical
interaction between divalent metal ions and silanol groups,

The fraction of silanol groups reacted with M?* is denoted
by fum. The total number of —SiOM ™ on the surface is Spfi.

The entropic contribution of the reactions to the free
energy is given by

an =Splfiln fi + fuln fu + (1 = fi — fu) In(1 — £, — fu)]-
(6)

Eq. 6 is obtained without including lateral correlations
among the ions, which are negligible for divalent metal ion
adsorption. Besides the reacted divalent metal ions, there are
still some divalent metal ions condensed on the surface
through electrostatic attractions. Their entropic contribution
to the total free energy is represented as

. Soi
Fy ="
The charge density of this freely moved divalent metal
ion layer is cr{\,l. Here £ is the layer thickness which, accord-
ing to our experimental data, is ~0.5-1 nm. The amount
of adsorbed monovalent ions on a silica surface can be neg-
lected unless the monovalent salt concentration is com-
parable to or larger than the divalent salt concentration.
Therefore we neglect the amount of condensed hydrogen ions.
The fraction of condensed monovalent metal ion is included
when there is a large amount of monovalent salt in our systems.
The fifth term in Eq. 3 is the electrostatic energy

f
o
In —M/e.
nzh/e @)

e 1 f
F' = 2S(pf = pha — 0\ )i (2 = 0), ®)
where ,(z = 0) is the electrostatic potential of a homoge-
neously charged surface and equal to 4wlgk~'(pfi—

pfu — ot )exp(—kz) (z = 0) (31). The Bjerrum length is
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Ig = €?/4mrekgT, where e is the elementary charge and ¢ is
the solvent permittivity. Its value is 0.714 nm for water at
room temperature. The inverse Debye screening length, «, is
given by

i Spfu SUIf\A
=Aamly | 2eha +2en t 4 on - — 7 — 57
K Trlg ( Chcl M (CM 174 2V
Sp(fa +
+ p(foM)) = 47ly (2cna + 6Cy). ©)

The divalent salt concentration in the bulk solution is cyy.
The concentration of HCI (cycy) is used to adjust the pH
value of the system and NaOH also can be employed to get a
basic solution with high pH value. The bulk solution volume
is V which is assumed to be infinitely large in our calculation.
Then —Spf/V — Sat;/2V is the concentration change due
to metal ion adsorption and Sp(f,+fu)/V is the H con-
centration change from the chemical reactions. When the
volume is very large, these two terms are negligible. In Eq. 8,
we use the electrostatic potential at z = 0 because k/ is much
less than 1 in the range of our considered salt concentration.

For the free energy of the solution, the entropic contribu-
tions from negatively charged ions are not taken into account
since their concentrations are constant in solutions. The
contribution from positively charged ions is

Spfu  Soy, Spfu  So,
+ M _Tom TP Tm .
<CM T A G T WA
10)
The Helmholtz electrostatic energy between ions is
approximated by (32)
Fpo 1

|4 dmd’

2 2
[ln(l-l—xa)—xa-i—%}, (11)

where a is the size of the ions. This term is important only if
the Debye screening length is close to Bjerrum length.
Finally the surface density of the adsorbed metal ions can be
obtained by minimizing the free energy.

Polynucleotide adsorption onto negatively charged surfaces
through divalent metal ions

In the system discussed here, the polynucleotides are in a
MCI, solution. For simplicity we describe the model when
M?* jons are the only metal ions in solution. When the
monovalent metal ions are also in solution, the total free
energy needs to include the terms of monovalent metal ions.
These terms have the same form as those of divalent ions
except that the monovalent ions do not chemically react with
surface groups and the valence of 2 is replaced by 1.

The free energy of the system is also given by Eq. 3. The
first four terms have the same expression as Eqs. 4-7. For
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polynucleotide adsorption, F{" is overestimated without
including correlation effects when the distance between ad-
sorbed polynucleotides is large. Obviously, under this con-
dition, the area closer to the polynucleotide has a larger local
fm and the entropy overestimation can result in a higher cal-
culated surface density of adsorbed polynucleotide. How-
ever, this simple estimation provides a correct trend and the
results become more trustable with the increase of the poly-
nucleotide surface density.
The electrostatic energy on the surface is formulated as

12)

1 f
F = ES(Pfa = phi — oy T X (2 =0),

K2 = 47TZB <ZCHC1 + 2CM

Spfu _ Soy, %) N

where y is the charge density coming from the adsorbed
polynucleotides. Nearly all the phosphate groups along the
polynucleotide are ionized unless the solution pH is near or
lower than 2, which is not a common condition in biology. In
our model, we assume that all the phosphate groups are
ionized. Therefore y is also the adsorbed nucleotide den-
sity on the surface. The surface electrostatic potential is
4y (ofy — pfm — o, +x). A surface potential is used
here because the adsorbed polynucleotide layer is flat, as
shown experimentally in Fig. 3. In the bulk solution, some of
the divalent metal ions are condensed along the polynucle-
otide chains to decrease the electrostatic energy. We denote
by ay the fraction of nucleotides with condensed counter-
ions. That is to say, the effective charge of every nucleotide
is 1 — ay,. The nucleotide concentration in the solution is ¢
and becomes ¢’, which is ¢ — Sy/Vafter polynucleotide
adsorption. The third term in Eq. 13 is the divalent metal ion
concentration in the bulk solution after adsorption.

The free energy of the solution is shown in our previous
work (12) and is given by

Sp(ﬂv+fM)>

= 47TZB (ZCHCI + 6CM - 2¢aM + 2(1))7 (13)

1169

tional entropic contribution of condensed divalent coun-
terions along the chain to the free energy, the intrachain
electrostatic energy, and the translational entropy of chains
in the bulk, respectively. The meanings of other symbols are:
r, the radius of the chains; b, the distance between neigh-
boring charge groups; and a, the size of divalent metal ions.
When we calculate the intrachain electrostatic energy, the
chain is assumed to be a rod. The conformation of the poly-
nucleotide chain is not simply a rod when N is large even if
the chain is highly stretched due to electrostatic interaction
and chain stiffness. Fortunately, rigorous calculation only
showed a slightly larger a\; compared with that of rod con-
formation (33,34). Although DNA has weak chemical inter-
actions with some divalent metal ions (17), we do not consider
the binding between nucleotide and metal ions. These chem-
ical interactions reduce the effective charge of DNA and the
unreacted condensed divalent metal ions along DNA, which
have opposite effects on DNA adsorption to an anionic surface.

Theoretical results and comparison with
experimental results

Comparison with XSW experimental result and site-binding
model for simple divalent salt solutions

We first discuss metal ion (M) adsorption from an aqueous
MCl, salt solution in the absence of polynucleotide. The
density of divalent metal ions adsorbed to the negatively
charged surfaces ng is highly dependent on the interaction
strength between the metal ions and the surface groups. With
our model we find that ng for the adsorbed metal ions on the
surface in a simple MCI, solution rises with an increase in
association constant K as shown in Fig. 5; the divalent metal
ion surface densities include both the reacted and unreacted
condensed divalent metal ions. The values of the salt
concentration and surface properties in the calculations are
the same as in the experiments described in Materials and
Methods. For Zn*" we expect pK to be slightly greater than
the value 5.5 found for Cu** (28,29). The calculated result
for a solution with a pH slightly lower than 7 matches the
value of 1, = 0.037/nm? observed in separate XSW experi-

F S a + S a+ S . So_f ,a
Vb:<p(fvfl"')+chl>ln<l)(fvjc"")—kcHCl)/e—l—(cM_f‘)f"ﬂ_z‘;d_(bzm_'_(;)
Sofu  Soy  d'aw | ¢ 1 o
X v T ow + = — + —ka+-—=
In <CM % oV ) B e 477(13 ln( 1 Ka) Ka 2
¢' |Nay Qg / s 5 exp(—(j — i)Kb)
Y " U — 5 _—; tInd'/e, 14
N2 P277[(r + a)2 - 'AZ]b ‘ b( ) 1sig}s1\/ j—i ¢'/e (14)

where N is the number of nucleotides per polynucleotide
chain and ¢'/N is the concentration of polynucleotide chains.
The terms in the last pair of square brackets are the transla-

ments (35). Pure ZnCl, solution is a weak acid solution due to
the formation of Zn(OH),. The calculated effective surface
charges are still negative and are not shown in Fig. 5. Since
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FIGURE 5 The calculated variation of condensed divalent metal ion on
the silica surface as a function of the association constant of the reaction in
Eq. 2 using the following experimental parameters: [ZnCl,] = 17 uM; hy-
ayer thickness, 1 nm; pK, = 7.2, and silanol group surface density, 5/nm>.
The short solid line marks the XSW experimental result, Zn surface density
0.037/nm”.

the exact pK value of Zn is unknown, to guide the eye we use
a short solid line to mark the XSW experiment result for the
total Zn surface density (ny = 0.037/nm2) in Fig. 5.

As for the calculation of the site-binding model, we use the
Poisson-Boltzmann equation

1 i
Vy=—Ymzeexp (-2 3) (15)

where n}’ is the bulk concentration of one species of ions and
z; is its valence. The following equations are also used in the
calculation:

I ZER

K= [—SioH] (16)
_ [-SioM"][H,0"],

k= [~SiOH|[M*"], ' 1n
d

o= —plh—fe =~ 0 (9

where [—SiO™] = pf., [-SiIOM '] = pfy and [—SiOH] =
p(1 — fiu — fm)- The surface concentrations of the hydrated
hydrogen ions, [H30 "], = cpciexp(—es,/ksT) and of the
divalent metal ions, [MH]S:cMexp(fZelpS /kgT),which
clearly reveal the effect of electrostatic potential on the
reaction balance. The apparent reaction constant of K is
Kexp(—e,/kgT). Since the polynucleotide charge is neg-
ative, the apparent reaction constant is enhanced when poly-
nucleotides approach the surface. Although the site-binding
model has a succinct expression, it involves nonlinear dif-
ferential equations that cannot be resolved for complicated
systems. The total surface density of the adsorbed ions is the
sum of the reacted metal ions and the ions in the diffuse layer
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within 4 to the surface. As shown in Fig. 5, the results of both
models are very close.

Factors affecting polynucleotide adsorption and comparison
with experimental results

The x-ray technique reveals the polynucleotide and divalent
ion distributions simultaneously, providing an opportunity
for direct comparison with theory. We use the experimental
solution concentrations as parameters in our calculation and
show the results in Fig. 6. The calculated polynucleotide and
metal ion surface densities at pH 6.7 (Fig. 6, without NaCl)
are in good agreement with experimental values, 0.031/nm>
for zinc and 0.016/nm? for mercury. The XSW experimental
results of Zn and Hg surface densities are marked in Fig. 6 by
short parallel solid and dashed lines, respectively.

It was pointed out by Pastré et al. (15) in their correlation
model that monovalent cations compete for the mica surface
and DNA with divalent cations and inhibit the DNA ad-
sorption onto mica. We self-consistently calculate the effect
of monovalent cations on the polynucleotide and divalent
metal ion surface densities. In the calculation, we assume
that there is no chemical reaction between monovalent
cations and the surface charge groups. The only interaction
making monovalent cations condense along the polynucle-
otides or the surface is the electrostatic interaction in our
model. It is shown in Fig. 6 that both the polynucleotide and
metal ion surface densities decrease after the addition of

q . )
0.14 M (Without NaCl)

1 . —#— Nucleotide (Without NaCl)
o . AA . .
= | \ Ty —o— Nucleotide (With NaCl)
£ 0104 —e— XSW Zn 0.031/nm?
= ] --®-- XSW Hg 0.016/nm?
£ 0.08 g
g i
o 0.06 1
8 4
®© 0.04
T e
A
[4p] 002 N k- _Q\UEI\.
4 0
0.00 - T

FIGURE 6 Effect of monovalent salt on the nucleotide and divalent metal
ion surface density. For the solution without monovalent salt, we use the
following parameters from our XSW experiment: pH = 6.7; hydrated ion
radius, 0.45 nm; zinc layer thickness, 0.4 nm; pK, = 7.2; silanol group
surface density, 5/nm?; poly(U) concentration, 33 uM (in term of nucleotide
concentration); divalent salt concentration, 37 uM; distance between
neighboring charges, 0.45 nm; diameter of poly(U), 1 nm; and number of
nucleotides per chain, 2500. The short solid and dashed lines mark the XSW
experimental results for Zn surface density (0.031/nm?) and Hg surface
density (0.016/nm>), respectively. The solution with NaCl has the same
parameters as the experiment except that the concentration of monovalent
salt is 150 uM.
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monovalent salt. Although monovalent salt restrains poly-
nucleotide adsorption, a large amount of monovalent salt is
essential to protect double-stranded DNA from denaturing.

The results in Fig. 6 also demonstrate that the reaction
strength between divalent ions and surface groups greatly
affects the polynucleotide adsorption. This explains why not
all divalent metal ions can mediate polynucleotide adsorp-
tion onto negatively charged surfaces. We discuss this fur-
ther at the end of this section.

For polyelectrolyte adsorption to oppositely charged
surfaces, the surface density of adsorbed chains decreases
with increasing salt concentration when the correlations
between adsorbed polyelectrolytes are insignificant. The
reduction is due to the screened electrostatic attraction and
the lessening of entropy gain by release or partial release of
the surface and polyelectrolyte condensed counterions (12).
On the contrary, divalent metal ions are indispensable to
annihilate the charge on a surface when polynucleotides ad-
sorb onto a negatively charged surface. At high divalent salt
concentration, the translational entropy loss upon divalent
metal ion surface chemical condensation is trivial. Therefore,
polynucleotide surface density increases with the divalent
salt concentration, as shown in Fig. 7. The XSW experi-
mental value for polynucleotide surface density, 0.016/nm?,
is marked in Fig. 7 by a black circle.

Our model predicts that the surface densities of reacted
divalent ions rise nearly linearly with the adsorbed polynu-
cleotides, and that the unreacted divalent metal ions in the
condensed layer rise only slightly (Fig. 7). When the highly
neutralized DNA or polynucleotide approaches a charged
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1 —®— Nucleotide /A/A
2 P
& 0.12 1 ® XSW Hg 0.016/nm /A/A
£ —O0— Unreacted M /A/A
£ |
2 0.094
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0.0 0.1 0.2 0.3
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FIGURE 7 The calculated variation of the nucleotide and metal ion
surface coverage on the silica surface as a function of divalent salt
concentration using the following poly(U) solution parameters: pH = 6.7;
hydrated ion radius, 0.45 nm; zinc layer thickness, 0.4 nm; pK, = 7.2; pK =
5.8; silanol group surface density, 5/nm?; poly(U) concentration, 33 uM (in
terms of nucleotide concentration); distance between neighboring charges is
0.45 nm; diameter of poly(U), 1 nm; and number of nucleotides per chain,
2500. The black circle marks the XSW experimental result, Hg surface
density 0.016/nm?, for divalent salt concentration 37 uM.
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surface, the local divalent metal ion concentration increases
and more divalent ions react with the surface groups. This
reaction and the cooperative effect are the driving forces for
polynucleotide adsorption.

There are many experimental results on divalent-metallic-ion-
mediated DNA adsorption to mica. Although more complex
ionic solutions and surface (mica) are used in those exper-
iments, we expect that the basic trends observed in the ex-
periments can be compared with the trends predicted by our
model. In particular, Hansma et al. extensively studied the
effects of divalent salt concentration (9) and solution pH (36)
on DNA adsorption to mica using AFM. They showed that
the DNA surface density on mica increases with Ni(Il), Co(II),
and Zn(II) divalent salt concentrations (9), in agreement with
our theoretical prediction in Fig. 7. However, they also found
that DNA surface density decreases when the divalent salt
concentrations are higher than the order of 1 mM. One
possible reason for DNA or polynucleotide desorption from
a negatively charged surface at high divalent salt concentra-
tion is the saturation of available space for further M** to
react with the surface groups. A similar explanation has been
suggested by Hansma et al. (9). However, in their studies one
cannot determine the surface density of divalent ions to
estimate this effect. In another series of XSW experiments
(Zhang, K., H. Cheng, J. A. Libera, M. Olvera de la Cruz,
and M. J. Bedzyk, unpublished), we found that the Hg-poly(U)
surface density was strongly reduced when the Zn surface
coverage was increased to 0.7/nm?. Unfortunately, we also
found Zn(OH), precipitation in our system at high ZnCl,
solution. Further XSW experiments with well controlled
solutions need to be done before we make the conclusion that
surface saturation is the reason for polynucleotide desorption.

For theoretical calculations, one must be exceedingly
cautious at high divalent and/or monovalent salt concentra-
tions, because molecular electrolytes are highly complex due
to the association or clustering of the salt ions (37). This
association phenomenon, known as Bjerrum association, is
very relevant to the understanding of polynucleotides in
aqueous solutions with large concentrations of multivalent
salts (14). Further work including modification at high salt
concentrations needs to be done to clarify DNA desorption at
high divalent salt concentrations. Therefore, though our model
can be extended to more general systems of polyelectrolytes
and like-charged surfaces by varying the calculation param-
eters, major modifications arising at high divalent salt
solutions need to be included. These modifications, such as
ion association and steric repulsion on a surface, are ex-
pected to have major effects on adsorption.

Another possible reason for desorption of polynucleotide
at high divalent salt concentrations is that at very high di-
valent ion concentrations the solution pH decreases due to
the formation of metal hydroxide. Our model shows that the
pH value has a significant effect on polynucleotide adsorp-
tion. It was reported that more DNA adsorb onto mica at
higher pH values unless most of the zinc ions react with OH™
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and precipitate (36). We find in our model that the polynu-
cleotide surface density increases with pH value under certain
conditions, as shown in Fig. 8 A. However, it is also possible
for the surface density to decrease with a rising pH value, as
shown in Fig. 8 B. The main differences between calculation
parameters in Fig. 8, A and B, are in the monovalent salt
concentration and the polyelectrolyte line-charge density.
We use the line-charge densities of double-stranded DNA
equal to 0.17 e/nm in Fig. 8 A and of poly(U) equal to 0.45 e/
nm in Fig. 8 B. Our calculation results can be understood
with the following explanation. Both —SiO~ and —SiOM ™"
increase when the pH rises. More polynucleotides adsorb
onto the surface only if —~SiOM™ has a larger increase. The

o
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FIGURE 8 Effect of solution pH value on polynucleotide adsorption for
parameters representing double-stranded DNA in A and poly(U) in B. In A,
the distance between neighboring charges is 0.17 nm, the rod diameter is
2 nm, the number of base pairs per chain is 500, and the monovalent salt
concentration is 10 mM. In B, the distance between neighboring charges is
0.45 nm, the rod diameter is 1 nm, the number of nucleotide per chain is
1000, and the monovalent salt concentration is 1 mM. In both A and B, the
polynucleotide concentration is 25 uM (in terms of the nucleotide
concentration), the divalent salt concentration is 0.1 mM, the pK = 5.7,
the hydrated ionic radius is 0.45 nm, the zinc layer thickness is 1 nm, pK, =
7.2, and the silanol group surface density is 5/nm>.
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result of the competition not only depends on K and K, but
also relies on the line-charge density and salt concentration.

We analyze the effect of polyelectrolyte line-charge
density on polyelectrolyte adsorption to like-charged sur-
faces and illustrate the importance of the line-charge density
on adsorption in Fig. 9. Although, the diameter of a single
stranded polyelectrolyte is around 1nm and that of double
stranded DNA is 2 nm, we assume the diameters of all poly-
electrolyte rods are 1 nm, so that we can focus on the effect
of polyelectrolyte line-charge density (1/b). When a polyelec-
trolyte adsorbs onto a like charged surface, more counterions
condense onto the surface. This process decreases the trans-
lational entropy of counterions. However, if the polyelec-
trolyte charge is already highly neutralized by counterions in
the bulk solution, the compensation of translational entropy
loss is slight. And then the polyelectrolyte is easier to adsorb.
It is widely known that with the increase of polyelectrolyte
line-charge density, more counterions condense along the
chain and the effective polyelectrolyte charge decreases (38).
Therefore the polyelectrolyte surface density rises with the
line-charge density, 1/b.

It is known that only some kinds of divalent metal ions can
mediate DNA adsorption to mica. Is there a simple rule for
divalent-cation-mediated polyanion adsorption to anionic
surfaces? The first prerequisite is that the divalent ions do not
precipitate the polyanion in solutions. With our model we
find that for a given polyanion solution and salt concentra-
tion, there is a critical K value

K®~ —Ac,+ +BK,, (19)
where A and B are fixed and larger than zero, below which no
polyelectrolyte adsorption to like-charged surfaces occurs.
This result is obtained by assuming that the variation of the

pH from 6 to 8 does not change the screening length, which
is dominated by the salt concentration, and that the

0.4+

—m— pK=56
0.3 4 —— pK=58
e  XSW Hg 0.016/nm?

0.2 1

0.1+

Monomer surface density (nm™)
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b nm

FIGURE 9 Effect of polyelectrolyte line-charge density (1/b) on adsorp-
tion calculated using the same parameters as in Fig. 7 except that the divalent
salt concentration is fixed at 37 uM. Two pK values, 5.6 and 5.8, are used
in the calculation. The black circle marks the XSW experimental result,
Hg surface density 0.016/nm>.
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polyelectrolyte charge is pH-independent in this pH range.
That is, the chemical potentials of the polyelectrolytes in the
bulk or on the surface are constant and, consequently, ¢ is a
constant included in A and B. Notice that —cy+/K, is the
ability to produce negative charges on the surface, and K/K,,
is the association constant of the reaction creating positive
charges on the surface via —SiO~ + M*" < SiOM* (SiOH
can be replaced by other surface groups). Therefore, our
model suggests that it is easier to adsorb strongly charged
polyanions to an anionic surface if the surface groups are
hard to ionize and if they interact more strongly with the
divalent metal ions. The ability to form negative or positive
charges involves the effective surface electrostatic potential
in A and B, which are determined by the charge density of the
polyelectrolyte and salt concentration.

CONCLUSION

We formulate a self-consistent theoretical model that clarifies
the mechanism of polynucleotide adsorption onto negatively
charged surfaces in divalent salt solutions. When polynucle-
otides approach the surface, their electrostatic potentials induce
the increase of surface divalent ion concentration, which pro-
motes the reaction of divalent ions with the surface and results
in polynucleotide adsorption. The effects of association con-
stant of the reaction of metal ions with surface groups, mono-
valent salt, divalent salt concentration, the solution pH value,
and the polyelectrolyte line-charge density on the adsorption
are well described by our model. However, our model is not
suitable for very high divalent salt concentrations because
the Debye-Hiickel model breaks down and the clustering of
the divalent ions and co-ions around the polynucleotides in
the solution modify the polynucleotide surface density.

To test our theory, the long-period x-ray standing wave
technique was employed to study the adsorption of mercu-
rated-polyuridylic acid (Hg-poly(U)) in a ZnCl, aqueous
solution onto a hydroxyl-terminated silica surface. We
showed that the in situ x-ray measurements could simulta-
neously reveal the individually distinct Hg and Zn distribu-
tion profiles along the surface normal direction. This unique
type of quantitative information should lead to more appli-
cations of this method in studying biological systems. The
theoretical results are in good agreement with our XSW
experiment. Our theory also explains most of the known
AFM experimental results.

The only interaction between the divalent metal ions and
polynucleotides in our model is electrostatic. However, some
metal ions do have chemical interactions with polynucleo-
tides. These interactions may have different effects on the
polynucleotide adsorption due to the decrease of condensed
unreacted divalent ions along polynucleotides and the
effective polynucleotide charge.

Lateral short range ionic correlations between adsorbed
chains and nonreacting divalent metal ions are not included
in our model. These effects may become important under
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certain conditions. For example, diffusive counterion medi-
ated attractions (39), such as those arising when hydrated
divalent cations are sandwiched among negatively charged
macroions, could be responsible (15) or contribute to the ad-
sorption of polynucleotide to negatively charged surfaces if
the adsorption layer is sufficiently dense and the reaction of
the divalent ions with the surface is weak. When DNA ad-
sorbs to positively charged surfaces, it is known that DNA
does precipitate via certain divalent ions (40), leading to a
large increase of charge densities at which lateral ionic cor-
relations are significant. However, as shown here, the density
of the adsorbed polynucleotide and divalent ions are too low
to induce considerable short-range ionic correlations. Our
model, which incorporates self-consistently the changes in
the apparent reaction constant due to the presence of the
polynucleotides, explains well the low-density adsorption
shown in our XSW experiment. An important effect on the
degree of adsorption is the image charge resulting from
the permittivity difference between the aqueous solution and
the substrate (41), which was not considered here but is
expected to decrease the surface density of adsorbed poly-
nucleotides since the permittivity of a substrate is much
lower than that of water, leading to an image charge effect of
the same sign as the polynucleotide.

Charged macromolecules influence the balance of the
reaction of small ions with groups that are weakly charged
(i.e., charge strongly depends on pH value). We find that this
equilibrium-state regulation affects the interaction between a
weakly charged surface or other macroions and polyelectro-
Iytes. This idea may be applied to many biological systems,
particularly protein-membrane interaction (42) and DNA or
small interfering RNA deliveries, which involve interactions
with negatively charged cell membranes. The mobility of
charged lipids (43) and proteins in cell membranes, however,
adds complexity to the calculation of the interaction between
a cell membrane and DNA or RNA.
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