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We show an experimental approach for directly observing the condensation of polynucleotides and their
electrolyte counterions at a liquid/solid interface. X-ray standing waves (XSW) generated by Bragg diffraction
from a d ) 20 nm Si/Mo multilayer substrate are used to measure the distinct distribution profiles of the
polyanions and simple cations along the surface normal direction with subnanometer resolution. The 1D
spatial sensitivity of this approach is enhanced by observing the XSW induced fluorescence modulations
over multiple orders of Bragg peaks. We study the interesting divalent cation driven adsorption of anionic
polynucleotides to anionic surfaces by exposing a hydroxyl-terminated silica surface to an aqueous solution
with ZnCl2 and mercurated poly-uridylic acid (a synthetic RNA molecule). The in situ long-period XSW
measurements are used to follow the evolution of both the Zn and Hg distribution profiles during the adsorption
process. The conditions and physical mechanisms that govern the observed divalent cation adsorption and
subsequent polynucleotide adsorption to an anionic surface are explained by a thermodynamic model that
incorporates nonlinear electrostatic effects.

Introduction

Biomolecular adsorption has crucial importance in science
and in various technological processes including patterning,1

biodetection,2-4 and therapeutic delivery systems.5 DNA or
RNA adsorption onto a negatively charged surface in divalent
metal ion solution has been widely used as a platform for further
studies.6,7 Adsorption of strongly charged polyanions to anionic
surfaces via divalent cations could be controlled by pH and ionic
strength if the adsorption mechanism were understood, providing
a powerful tool for manipulating biomolecules. The understand-
ing of the complex balance of energetic and entropic contribu-
tions that leads to adsorption cannot be improved unless the
molecular and ionic distribution profiles are observed in situ
simultaneously.

Strongly charged chains, such as DNA, are soluble in
monovalent salt aqueous solutions because while cations are
condensed along the chains to decrease the electrostatic energy,
their overall charge is nonzero. Polyelectrolyte adsorption to
oppositely charged surfaces8 is due to the entropy gained by
the release or partial release of surface and polyelectrolyte
condensed counterions upon adsorption,9 and is enhanced by
lateral10 and/or site-specific11 correlations. When multivalent
counterions are used to mediate polyelectrolyte adsorptions to
like-charged surfaces, as in the binding of DNA to mica,6,7,12

the adsorption mechanism is unclear. The ion translational
entropy decreases upon adsorption given that more counterion
condensation is required to annihilate the charge of the adsorbed
layer. Moreover, the ionic correlations that in solution lead to
the formation of neutral cation-polynucleotide aggregates
within a range of multivalent cations (typically of valencez g
3+) and salt concentrations13-18 cannot explain the divalent
cation mediated adsorption. Strong multivalent cation mediated

attractions among anionic chains and surfaces are in principle
capable of leading to stable neutral surface-cation-chain
complexes in the strongly correlated ionic limit, which requires
high valence and density of adsorbed cations.19-21 For high-
valence cations, however, bulk chain precipitation is expected
to preempt adsorption;22 therefore, one should avoidz > 2+
and solution conditions that lead to cation-polynucleotide bulk
precipitation.23 By using z ) 2+, we show here that the
surface-cation-polynucleotide complex is not dense, suggest-
ing another adsorption mechanism.

Models proposed to explain polynucleotide adsorption to like-
charged surfaces include “ion-bridging” among the anionic
surface and chain groups via divalent ions. In the dilute
“bridging” limit a weakly charged surface would be required
to overcome the electrostatic repulsion. If only electrostatic
interactions are involved, the electrostatic energy of the bridging
ions has to be equal to the chemical potential of the ions in the
solution, which requires a large bulk concentration of cations
contradicting the experiments. Therefore, unless there are strong
site-specific interactions (chemical interaction) between the
bridging ions and the surface and/or the chains, the model cannot
explain adsorption. Site-specific interactions can in principle
invert the charge of the chains and/or of the surface. Since
polynucleotide adsorption to anionic surfaces works with some
divalent cations, which do not necessarily invert the charge of
DNA, for example, Mg2+,24 the mechanism of DNA charge
inversion before adsorption is not plausible. Surface charge
inversion by the divalent cations in high divalent salt solutions25

may explain the adsorption. However, as shown here, surface
charge inversion is not a necessary condition for polynucleotide
adsorption.

To address this question and more general adsorption
questions one needs to observe the process in situ. Atomic-
force microscopy (AFM) is useful for in situ studies of chain
conformations adsorbed on surfaces. However, the verification
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of many predicted regimes of polyelectrolyte adsorption requires
determination of the distribution along the surface normal for
both the polyelectrolyte and counterions. Highly penetrating
synchrotron X-rays are a natural choice for angstrom resolution
studies in water. However, since there is typically no lateral
ordering and there is poor electron density contrast between
organic materials and water, standard in situ X-ray scattering
techniques are largely insensitive for studying this type of
interfacial system. We circumvent this problem by employing
the long-period X-ray standing wave (XSW) method,26-29 which
only requires an X-ray reflecting substrate and X-ray fluores-
cence (XRF) detectable adsorbates (or tag atoms). As illustrated
in Figure 1, this provides us with an in situ nanoprobe for
studying the adsorption and conformation of polynucleotides
and cations at a charged surface.

We examined the adsorption of mercurated poly(U) in a ZnCl2

aqueous solution to a hydroxylated SiOx surface. Poly(U) was
chosen to avoid complications arising from the native conforma-
tion of RNA. Zn was chosen because Zn2+ does not have strong
specific interactions with poly(U)30 and therefore does not
precipitate the chains in the bulk nor does it lead to charge
inversion of the polynucleotides in solution.

Materials and Methods

Sample Preparation. Polyuridylic acid(5′) potassium salt
(2380-2900 units) (poly(U)) was obtained from Sigma Chemi-
cal Co. (St. Louis, MO) and labeled with one Hg atom per unit
following the method of Dale et al.31 Referring to Figure 1, the
adsorption surface was the SiOx (silica) top surface of the final
Si layer of a 20-layer pair Si/Mo layered-synthetic-microstruc-
ture (LSM) X-ray mirror. The LSM mirrors were made at the
Advanced Photon Source Optics Facility by DC magnetron
sputter deposition on Si substrates (37.5 mm long by 12.5 mm
wide by 2.5 mm thick). The Si/Mo multilayer periodicity (d
spacing) was determined to bed ) 18.5 nm by X-ray reflectivity
(XRR) analysis, with details given elsewhere.32 Immediately
prior to the X-ray measurements, the surface was cleaned by
piranha solution (2:1, sulfuric acid:hydrogen peroxide) and then
hydroxylated by 3 M HCl. Prior to and following each of these
steps the sample was rinsed with Millipore water and dried under
a stream of N2 gas.

X-ray Measurements.The X-ray measurements were per-
formed in a thin film reflection geometry at the European
Synchrotron Radiation Facility (ESRF) ID32 beamline, using
an incident photon energy ofEγ ) 12.40 keV (corresponding
to a wavelength ofλ ) 1.000Å). The photon flux through the
0.015-mm high by 1.0-mm wide incident beam slit was 2×
1011 p/s. The sample was sealed inside a liquid-solid interface
cell with a 7-µm thick Kapton X-ray window lying parallel to
and above the sample surface. After injection the test aqueous
solution was trapped between the sample surface and the
Kapton. The aqueous layer was held at an expanded volume
for 1 h of incubation and then contracted to form a 2-3 µm
uniformly thick layer during the X-ray measurements. The X-ray
beam passed through the Kapton and water layers establishing
the XSW in the test solution above the substrate surface. The
water and Kapton layers refract and partially absorb the
incoming and outgoing X-ray beams. This becomes an increas-
ingly significant effect at the small incident angles ofθ < 1°
used for these measurements.

In the XSW measurement the X-ray specular reflectivity (R)
and fluorescence data were simultaneously collected in aθ-2θ
scan covering the range of the first three Bragg peaks of the
LSM mirror. X-ray fluorescence spectra were collected in a
multichannel analyzer (MCA) at each angle step of the scan,
using an energy-dispersive Rontec silicon drift-diode detector
(SDD). To produce the XRF yields the MCA net counts in the
Zn and Hg peaks were extracted by appropriate curve fitting,
corrected for dead-time effects, and corrected for variations in
the length of the X-ray beam footprint. The Zn and Hg absolute
(depth-integrated) atomic density,nT, was obtained by XRF
comparison of the Zn KR and Hg LR yields to the As KR yield
of an arsenic implanted Si substrate that had a Rutherford
backscattering spectroscopy (RBS) calibrated coverage. This
determination used sensitivity factors for relative emission rates
of each of the XRF signals,33 and also accounted for the Kapton
and water attenuation of the incident X-ray beam and out-going
fluorescence X-rays.

Long-period X-ray standing wave (XSW) analysis is generally
used for measuring element-specific atomic distribution profiles
F(z) in a surface overlayer structure. In the present case, the
XSW was generated by a reflection from a periodic layered
synthetic microstructure (LSM).26,32,34The underlying formalism
for describing theE-fields at the LSM interfaces and the
subsequentE-field intensities and reflectivity is based on
Parratt’s recursion formulation.35 Referring to Figure 1b, the
XSW E-field intensity I(θ,z), which is produced by the
interference between the incident and reflected X-ray plane
waves, has planes of equal intensity (nodes and antinodes) that
are parallel to the LSM interfaces. (We choose thez-direction
to be perpendicular to this set of parallel interfaces.) In the
vacuum (or air) region above the reflecting surface, the
normalizedE-field intensity is

and consequently the XSW period is

where q ) 4π (sinθ)/λ is the magnitude of the wavevector
transfer,R is the reflectivity, andV is the XSW phase.

Bragg’s law (mλ ) 2d sinθm), which simply considers
geometry, can be used to approximately find where the Bragg
peaks should occur in aθ-2θ specular scan. However, due to
strong refraction effects that occur at small angles, themth-

Figure 1. Depiction of the electrified interface and the X-ray standing
wave. (a) Scheme for M2+ cation mediated electrostatic adsorption of
a negatively charged polynucleotide to a negatively charged hydroxyl-
ated silica surface. (b) Depiction of X-ray standing wave (XSW)
generated by Bragg diffraction from a Si/Mo multilayer mirror with
periodd. As the XSW period,D, and phase are experimentally adjusted
by scanning the incident angle,θ, through a Bragg reflection, the
element-specific X-ray fluorescence emission from ions on the surface
(filled blue circles) and tag-atoms (filled red circles) attached to polyions
near the surface will each modulate with a phase and amplitude that
senses that particular atomic distribution profileF(z).

I(q,z) ) 1 + R + 2xRcos(V - qz) (1)

D ) λ/2 sinθ ) 2π/q (2)
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order Bragg peak will be shifted slightly higher than the
geometrical Bragg angle,θm. Due to the finite “effective”
number of periods in the LSM, each Bragg peak will occur over
a finite angular width, over which, the reflectivity and XSW
fringe visibility will be dramatically enhanced. Furthermore,
increasing the incident angle through a Bragg reflection causes
the phase (V) of the XSW to shift inward by one-half of its
period. Since the photoelectric effect cross-section (in the dipole
approximation) is proportional to theE-field intensity at the
center of an atom, this phase shift induces a modulation in the
X-ray fluorescence (XRF) yield from a given atom that is
characteristic of the spatial distribution profileF(z) for that
atomic species. In general, narrower distributions will produce
larger modulation amplitudes. The XRF yield from an atomic
layer that is positioned in-phase with the diffraction planes will
have a minima on the low-angle side and a maxima on the high-
angle side of the Bragg peak, and visa versa for an atom layer
aligned midway between diffraction planes.

The method for quantitatively extracting the atomic distribu-
tion profile F(z) from the XSW data starts with determining
the thicknesses, indices of refraction, and interfacial widths of
all the layers by analysis35 of the reflectivity data. This
“effective” electron density profile for the LSM, water, and
Kapton layers is then used in calculating theE-field intensity,
I(q,z), above the LSM surface, which in turn is used for
simulating the XRF yield

for the unknown Zn or Hg atomic distribution profileF(z).
Further details of this XSW analysis procedure can be found
elsewhere.32,36

This ability to generate a variable period XSW over a range
allows one to measure atomic distributions over these same
length scales. In essence, the measured modulations in the
element-specific fluorescence yield lead to a measure of the
amplitude and phase of the Fourier transformF(q) of the
distributionF(z) of that atom.

Results

Figure 1 illustrates the adsorption process and the method
for generating the XSW by Bragg diffraction from the support-
ing d ) 18.5 nm periodic Si/Mo multilayer substrate. The initial
silica adsorption surface is expected to have a surface hydroxyl
density ofnS ∼ 5 nm-2.37 SampleA was processed with only
the 50 µM ZnCl2 solution. SampleB was processed with a
solution that was 50µM ZnCl2 and 25µM Hg-poly(U). These
nominal concentrations were chosen to induce adsorption,
discern the possible mechanism of Zn2+ mediated adsorption,
and have sufficient signal contrast from the amount of Zn (or
Hg) in the condensed surface layer in comparison to the amount
contained in the 2-3 µm of bulk solution. (On the basis of
inductively coupled plasma (ICP) spectroscopy, sampleB also
had 150µM NaCl left over from the Hg-poly(U) preparation.
The Na and Cl XRF signals are too low in energy to be detected
through the water and Kapton.)

As depicted in Figure 1b, the superposition of the Bragg
diffracted X-ray plane wave with the incident plane wave
produces a XSW above the reflecting surface with a period (in
air) defined by eq 2. The XSW has a sufficiently strong intensity
modulation (as described in eq 1) for use as a 1D XRF
nanoprobe, when the reflectivity (R) is greater than 10%. For
our present case, we use the 1st-, 2nd-, and 3rd-order Bragg
peaks, which can be seen in the X-ray reflectivity (XRR) data

and simulations shown in Figure 2a. Over thisq-range the XSW
period in the air above the LSM decreases continuously from
15.8 to 4.8 nm. The corresponding value ofD at each Bragg
peak is listed above each peak in Figure 2a.38 In addition to
this continual contraction of the XSW period, the XSW also
undergoes an inward 180° phase shift when advancing through
each Bragg peak. Thus the element-specific XRF yield,Y(q),
from a layer of atoms lying above the LSM surface will
modulate in a manner that is directly dependent on that layer’s
distribution profile,F(z), as measured along the surface normal
direction,z.

For reasons of simplicity we use a step-function model for
the Zn distribution profile,F(z), that has a narrow condensed
layer just above the silica surface followed by a bulk solution
layer. The two model parameters determined by the fit to the
XSW fluorescence yield data areC, the fraction of Zn atoms
contained within the condensed layer, andt, the condensed layer
thickness. The Zn total (depth-integrated) atomic density,nT,
was also determined with the same experimental setup by XRF
comparison to a calibrated standard. For sampleA theø2 fit of
the modeled yield (eq 3) to the data is shown in Figure 2b and
the fit determined values are listed in Table 1 along with values
from a follow-up measurement taken at a fresh (unradiated) spot
on the sample surface.

The adsorption process of Hg-poly(U) was studied by six
successive XSW scans at 30-min intervals of sampleB. To
minimize (and to rule out) X-ray induced photochemical effects,
we moved the several mm2 X-ray footprint to a fresh (unradi-
ated) spot after the second and fourth scans. Panels c and d of
Figure 2 show the Hg LR and Zn KR fluorescence yields for
the third, fourth, and fifth scans. (The first two scans (not
displayed) match the third, and the sixth matches the fifth.) The
time duration for each data set in Figure 2c,d was 17.5 min.
Both the Zn and Hg time sequence of yield curves show
pronounced changes. Such a change on this time scale did not
occur for sampleA, where poly(U) was absent. We used the

Y(q) ) ∫F(z)I(q,z) dz (3)

Figure 2. X-ray standing wave data and analysis. (a) Measured and
calculated X-ray reflectivity (R) from thed ) 18.5 Å LSM for aθ-2θ
scan through the 1st-, 2nd-, and 3rd-order Bragg peaks. Also shown is
the reflectivity without the Kapton and water layers. (b-d) Measured
and calculated XSW normalized Zn KR and Hg LR fluorescence yields
collected simultaneously withR. (b) SampleA Zn yield. (c and d) Time
sequence for the Hg and Zn yields of sampleB. The yields in panels
c and d are vertically offset for clarity: the 135 min data are displaced
downward and the 195 min data are displaced upward.
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same model as described above for modeling both the Zn and
Hg atomic distribution profiles to determine the modeled yields
shown in Figure 2c,d with the fit determined parameters listed
in Table 1 for all six scans.39 Here we see that there is no
measurable adsorption of Zn or Hg-poly(U) for the first 135
min after the initial exposure to the solution. The first change
in the system occurred after 165 min where we observe a
condensed Zn layer withCZn ) 0.46 andtZn ) 1.1 nm, which
is very similar to the condensed Zn layer of sampleA. At this
same time we also find a small change in the Hg yield
suggesting the onset of Hg-poly(U) condensation. At 195 min
we observe condensed layers for both the Zn and Hg-poly(U).
The models for the Zn and Hg atomic distribution profiles at
the 195-min stage of the process are shown in Figure 3. We
see that the thickness of the Hg layer is twice as thick as the
Zn layer and that the centroid of the Hg condensed layer is 0.5
nm higher than that of the Zn. This is consistent with the Zn
being sandwiched between the poly(U) and the hydroxylated
surface as depicted in Figure 1a. (Note that including a vertical

offset 〈z〉 in the model of the condensed layer as an additional
fitting parameter did not significantly improveø2.) The data
are most sensitive in determining the surface density of the
condensed layer (nS), which is also listed in Table 1 and plotted
as a function of time in Figure 4. Note that after reaching
equilibrium the Hg and Zn surface densities match up and are
at 1% of the expected surface hydroxyl density for the starting
surface.

After the in situ measurements sampleB was rinsed with
Millipore water and blown dry with N2. The XRF analysis of
the dried sample showed a Zn density reduced tonT ) 0.004
( 0.001 nm-2 and no measurable Hg, indicating that the poly-
(U) was physically adsorbed.

Discussion

To explain these observations we extended a two-state model
developed to analyze polyelectrolyte adsorption to surfaces with
a fixed charge densities11 to the case of divalent and polynucle-
otide adsorption to surfaces with weak (ionizable) charge groups.
In the two-state model we assume two possible thermodynamic
states for all of the chemical species: adsorbed and in bulk
solution. The chemical components in these two states are in
equilibrium. This is a standard way to treat surface or interface
adsorption in multicomponent solutions.40 In charged systems,
the two-state model has been used to describe successfully
adsorption of ions around charged colloids,41 charged rods,42

and finite size charged chains of different fractal geometries.43

The two-state model is equivalent to the solution of the nonlinear
Poisson-Boltzmann equations when short-range correlations are
ignored, and has the advantage of being able to include short-
range correlations. Our two-state model involves surface silanol
group ionization and the reaction between divalent metal ions
and silanol groups,

TABLE 1: Time Dependence of X-ray Determined Valuesa

Zn Hg

time,
min

tW,
µm

nT,
nm-2 C

t,
nm

nS,
nm-2

[Zn],
µM

nT,
nm-2 C

t,
nm

nS,
nm-2

[Hg],
µM

sampleB
75 2.8 0.08 0 0 48 0.19 0 0 110

105 3.0 0.09 0 0 49 0.22 0 0 119
135 3.1 0.12 0 0 64 0.07 0 0 38
165 2.5 0.10 0.46 1.1 0.047 38 0.08 0 0.008 47
195 3.0 0.11 0.35 0.9 0.038 40 0.08 0.59 1.9 0.040 24
225 3.0 0.11 0.39 1.0 0.045 38 0.08 0.52 1.6 0.032 28

sampleA
75 2.4 0.06 0.59 1.1 0.037 17

165 2.4 0.06 0.44 0.9 0.027 25

a Time ) 0 corresponds to the initial exposure of the hydroxylated
silica surface to the solution. XRR analysis (Figure 2a) determines the
water layer thickness (tW). Calibrated XRF analysis determines the total
(depth-integrated) atomic density (nT). XSW analysis (Figure 2b-d,
Figure 3, and eq 3) determines the fraction (C) of Zn (or Hg) condensed
at the surface and the condensed layer thickness (t). From these
measured values we calculate the surface atomic density of the
condensed layer,nS ) CnT, and the X-ray measured bulk solution
concentration, [x] )(1 - C)nT/tW/NA.

Figure 3. Step-function model for Zn and Hg atomic distribution
profiles. The model includes a very thin condensed layer at the liquid/
solid interface followed by a very dilute bulk-solution layer with
thicknesstw ) 3 µm determined by X-ray reflectivity. These particular
curves correspond to the models used in eq 3 that produced the best-
fit yield curves to the data taken at 195 min shown in panels c and d
of Figure 2 with values listed in Table 1. The inset shows a log-log
plot over the entire range of the water layer thickness.

Figure 4. X-ray standing wave observed cation and polyanion
adsorption process. The time dependence of the Zn (circles) and Hg
(crosses) surface condensed layer densities. The lines are drawn to guide
the eye. The insets depict the ion (and polyion) configurations at the
various stages of the adsorption process.

-SiOH + H2O h -SiO- + H3O
+ (4)

-SiOH + M2+ + H2O h -SiOM- + H3O
+ (5)
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The dissociation constantKa of the reaction in eq 4 is pKa )
-logKa ) 7.2.44 The association constantK of the reaction in
eq 5 varies with different kinds of divalent metal ions: available
values of pK ) -logK range from 8.1 for Mg2+ to 5.1 for
Pb2+.45 For simple divalent salt solutions (sampleA), the
densities of-SiO-, -SiOM+, and unreacted condensed M2+

at the surface are functions of the bulk concentrations of M2+

and of H+ where [H+]bulk ) 10-pH. These surface densities are
determined self-consistently by minimizing the total free energy
of the system, which includes contributions from entropy,
electrostatics, and-lnKa and-lnK energy changes due to the
reactions described in eqs 4 and 5. After minimizing the total
free energy, we get

where the subscription “s” in eqs 6 and 7 refers to the
concentration on the surface or surface densities.ψs ) eψs/kBT
is the reduced surface potential and is a function of component
surface densities. These surface densities can be determined after
further self-consistent calculation. For Zn2+ we expect pK to
be slightly greater than 5.5, the value for Cu2+.44,45 The
prediction in Figure 5 then reasonably matches the degree of
adsorption experimentally observed for sampleA (listed asnS

in Table 1). This result (sampleA in Figure 5) obtained with
the two-state model also can be obtained by a modified one-
dimensional nonlinear Poisson-Boltzmann approach, the site-
binding model,46 which has been extensively used to include
specific short-range interactions among adsorbed divalent ions
and surfaces as in our case. We next include the polyelectrolyte
and NaCl in the solution and determine the adsorption of Zn
and poly(U) at the surface in equilibrium with the bulk solution.
The free Zn2+ concentration and the reduced surface potential
in eqs 6 and 7 are modified in the presence of polynucleotides
with condensed counterions. To determine the degree of
polynucleotide adsorption we modified a previously proposed
two-state model.11 The model includes ion condensation along

the chains, and short-range attractions among the surface charged
groups and the charged units along the adsorbed chains. Our
present study has the extra constraint that the surface-charged
density is to be determined self-consistently rather than to
assume it is a constant with a fixed value independent of the
pH value, and of the salt and polynucleotide concentrations.
The short-range interaction in our present study is the chemical
reactions of divalent metal ions with surface groups. We assume
here a uniformly charged layer on the surface, which includes
the charges from-SiO-, -SiOM+, M2+, Na+, and polynucle-
otides. That is, contrary to the assumption in ref 11, the
monovalent and divalent condensed ions on the adsorbed chains
are not confined to the chain backbone but rather are smeared
on the surface because in the present study the divalent ions
that partially compensate for the charge of the adsorbed
polynucleotides can react with the surface via eq 5 and the
monovalent ions can also be electrostatically attracted to the
surface. The two-state model used here allows us to incorporate
the correlation and other effects in the adsorption of charged
chains, providing a convenient method to study polymer
adsorption and assembly.11 The self-consistent results of poly-
nucleotide solution for sampleB described in Figure 5 are
obtained by minimizing the resulting free energy. In Figure 5
if we choose (as argued earlier) a pK slightly greater than 5.5
for Zn2+, then we see that the values predicted from our theory
are in reasonable agreement with our experimentally determined
values for sampleB (listed asnS in Table 1).

We conclude that the in situ XSW observed adsorption of
Zn and poly(U) is due to the binding of Zn2+ to silica to form
-SiOZn+ groups at the surface and a cooperative effect. When
poly(U) with its condensed Zn2+ approaches the nearly neutral-
ized negatively charged surface, the surface Zn2+ concentration
increases and the reaction in eq 5 is promoted forming-SiOZn+

which generate a net attraction force between the like-charged
surface and polynucleotides. Though more Zn at the surface is
required for poly(U) adsorption than without poly(U), in samples
A andB the adsorbed Zn surface densities are comparable. This
is due to the presence of NaCl in sampleB and due to the
different values of the free Zn in the bulk (a fraction of the
measured bulk Zn2+ is condensed on the poly(U) in the bulk
solution). When we compare the degree of adsorption of Zn in
a hypothetical sampleC with the same conditions asB but
without adsorbed poly(U), we get much less Zn adsorption
(Figure 6). This comparison can prove the widely accepted
opinion that when polynucleotides adsorb onto an anionic

Figure 5. Calculated variation of nucleotide and divalent metal ion
adsorption onto silica surface as a function of the association constant.
The following experimental parameters are used: For sampleA the
parameters are [ZnCl2] ) 17µM, pH 6.7, a 0.45 nm hydrated ion radius,
1 nm Zinc layer thickness, pKa ) 7.2, and 5 nm-2 silanol group surface
density. For sampleB the additional parameters are [ZnCl2] ) 40 µM,
[NaCl]) 150µM, 25 µM nucleotide concentration, the distance between
neighboring charged nucleotides is 0.45 nm, the diameter of poly-
nucleotide is 1 nm, and the polymerization degree of polynucleotide is
2500.

[-SiO-]s[H3O
+]s

[-SiOH]s
) Ka exp(ψs) (6)

[-SiOM+]s[H3O
+]s

[-SiOH]s[M
2+]s

) K exp(-ψs) (7)

Figure 6. Theoretical comparison of total divalent metal ion (M)
surface coverage for solutions with and without poly(U). Hypothetical
sampleC has the same amount of free divalent ions and sodium ions
in the bulk solution as sampleB, but without poly(U) adsorption. More
divalent ions adsorb onto the surface to cancel the charge of adsorbed
poly(U). For the condition of larger pK, less poly(U) is adsorbed.
Therefore, the difference of M surface coverage between sampleB
and hypothetical sampleC in this limit decreases.
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surface, extra divalent ions need to be condensed onto the
surface to neutralize the charge. The addition of NaCl leads to
less overall adsorption of both poly(U) and Zn.

Our model predicts the degree of adsorption for various
surfaces and/or divalent ions. For fixed concentrations of strong
polyelectrolytes whose charges are not strongly pH dependent,
such as polynucleotides, and fixed salt concentration, there is a
critical K value of the reaction in eqs 5 and 7, denoted byKc,
such that forK < Kc, there is no polyelectrolyte adsorption to
like-charge surfaces. This limitingKc is obtained by minimizing
the total free energy and is given byKc ≈ -A[H+]bulk + BKa,
whereKa is defined in eq 6, andA andB are positive constants.
This result is obtained by assuming that the variation of pH
from 6 to 8 does not change the screening length, which is
dominated by salt concentration, and that the polyelectrolyte
charge is pH independent in this pH range. That is, the chemical
potentials of the polyelectrolytes in bulk or on the surface are
constant and thereforeψs is constant and included inA andB.
Notice that -[H+]bulk/Ka is the ability to produce negative
charges on the surface, andK/Ka is the association constant of
the reaction creating positive charges on the surface via-SiO-

+ M2+ S SiOM+. Therefore, our model suggests that it is easier
to adsorb strong polyanions onto a negatively charged 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 inA andB, which are determined by the
charge density of the polyelectrolyte and salt concentration.

Referring to Figure 4 the sluggish adsorption kinetics in
sampleB suggests a delicate balance of forces. Since the charge
of poly(U) is only partially neutralized, it may take a long time
for poly(U) to approach a negatively charged surface. In another
set of XSW experiments for this same system, we added in a
ZnCl2(aq) surface pretreatment step into the sample preparation
that occurred just prior to injection of the Hg-poly(U) and ZnCl2

solution. In this pretreatment step the surface was triply flushed
with and then incubated for 20 min in 50µM ZnCl2. The XSW
measurement that took up a 30 min time interval after this
injection showed Hg-poly(U) and Zn adsorption had occurred
much more quickly than in the case of sampleB. This faster
adsorption process appears to be related to the surface charge
being highly neutralized by the zinc pretreatment.

Conclusions

We show by following simultaneously the counterion and
polyion distribution profiles during their adsorption process that
charged macromolecules affect significantly the equilibrium
concentration of ions reacting with the surface. The induced
equilibrium shift is shown to strongly influence the interactions
among the surface and the polyions. Our observations and model
demonstrate that polynucleotide adsorption to a like charge
surface via divalent ions in virtue of a cooperative effect does
not require the bridging mechanism of the Zn2+ to both the
surface and the nucleotide, nor the charge inversion of the
surface or of the polynucleotide. Our model, constructed from
XSW experimental observations, points to the importance of
determining self-consistently the number density of reacting
multivalent metallic ions with weakly charged groups along
macroions or surfaces in order to determine the interactions with
strongly charged polyions which have nearly pH-independent
charge densities.

Our approach should be useful in the study of polynucleotide
and protein interactions47 and DNA or RNA delivery into
negatively charged cell membranes. Our experimental method

represents a unique capability that can be applied to study the
kinetics and equilibrium structure for a wide range of phenom-
ena related to biomolecular adsorption, including DNA and other
types of polyions in aqueous solution. Furthermore, the experi-
mental method can be used to solve important polyelectrolyte
adsorption questions such as the degree of charge inversion48,49

and ionic correlations50 in various ionic media.
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