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Abstract: We present a theoretical thermodynamic framework for the design of more efficient
oligonucleotide microarrays. A general thermodynamic relation is derived to describe the electro-
static surface effects on the binding of the assayed biomolecule to a surface-tethered molecular
probe. The relation is applied to analyze how the nucleic acid target, the oligonuleotide probe, and
their DNA duplex electrostatic interactions with the surface affect the hybridization on DNA arrays.
Taking advantage of a closed form exact solution of the linear Poisson–Boltzmann equation for a
charged ion-penetrable sphere in electrolyte solution interacting with a plane wall, we study the
effects of the surface and solution conditions. Binding free energy is found as a function of the
surface material, dielectric or metal, the surface charge density, linker molecule length, tempera-
ture, and added salt content. The charge or electric potential of the dielectric or metal surface,
respectively, is shown to dominate the hybridization, especially at low added salt or short linker
length. We predict that substantial enhancement of sensitivity, selectivity, and reliability of mi-
croarrays can be achieved by control of the surface conditions. As examples, we discuss how to
overcome two limitations of current technologies: nonequal sensitivity of the probes with different
GC and AT bases content, and poor match/mismatch discrimination. In addition, we suggest the
design of microarray conditions where the tested nucleic acid is unfolded, thus making possible the
screening of a larger sequence with single nucleotide resolution. These promising findings are
discussed and further experimental tests suggested. © 2003 Wiley Periodicals, Inc. Biopolymers
68: 265–270, 2003
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INTRODUCTION

Progress in DNA microarray technologies depends on
improvement of their sensitivity, selectivity, and reli-
ability.1,2 So far these parameters have been opti-
mized essentially empirically as a result of many
experimental efforts.3–5 Based on our previous theo-

retical analysis of the surface electrostatic effects,6

which is in accord with recent experiments,7 we de-
scribe here the effect of the surface charge density on
the melting curve and match/mismatch discrimination
ratio for surface hybridization, and predict possible
substantial improvements in several properties for
microarrays. The surface material, dielectric or metal,
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and the surface electrostatic conditions are shown to
be critically important because they strongly deter-
mine the yield of the nucleic acid target hybridization
to the surface-immobilized oligonucleotide probes.
We propose to use these properties for control and
enhancement of sensitivity during surface hybridiza-
tion. In particular, an equal sensitivity of the probes
with different base-pair composition may be achieved
by adjustment of their specific linker molecule length
or the local surface charge. Further, we suggest en-
hancement of the match/mismatch discrimination by
narrowing the melting curve by optimizing the surface
charge. Finally, we discuss a new microarray design
using hybridization at low salt where the duplex sta-
bility is achieved by the positive surface charge. Un-
der these conditions the target’s secondary structure is
melted, allowing hybridization to most of the target’s
nucleotides and increasing the sequencing informa-
tion up to tenfold.

THEORETICAL MODEL AND
CALCULATION METHODS

Oligonucleotide–surface interaction free energy was
evaluated using the linear Poisson–Boltzmann (PB)
model for an ion-penetrable charged sphere and plate
immersed in an electrolyte solution. The use of linear
PB theory must be justified a posteriori as the condi-
tions for validity are not always clear. Previous work
has shown that this theoretical framework has quali-
tative validity for this system,6 and we present exper-
imental quantitative comparisons below. The ion-pen-
etrable charged sphere model of very short duplex
oligonucleotides has been shown to be reasonable as
an average picture in comparison with atomic simu-
lations.10 An exact solution of this model obtained by
Oshima8 was utilized to calculate the Gibbs free en-
ergy of the interaction as described in Ref. 6. The
surface potential was chosen to be near the normally
accepted range of validity of linearized PB theory,
which is limited to roughly 26 mV corresponding to
the electrostatic energy for a singly charged ion being
equal to the room temperature thermal energy. Cal-
culations were performed for a CAGGTTAT/GTC-
CAATA duplex using its hybridization enthalpy and
entropy measured in solution.9 The 8 base-pair frag-
ment of DNA helix with a height of 2.4 nm and
diameter of 2 nm was approximated by a 1 nm radius
sphere bearing a negative surface charge q � �16e.
The sphere contained electrolyte solution to model a
penetration of ions and solvent into the deep hydro-
philic grooves of the double helix as seen in simula-
tion and experiment.10

RESULTS AND DISCUSSION

Statistical Thermodynamics of
Hybridization

Understanding the experimentally well-established
differences3,4,11 in hybridization behavior between
free probes in solution and surface-tethered probes is
of central importance for optimizing DNA microar-
rays. A direct statistical thermodynamics approach is
convenient for this analysis. We consider the surface
effects using the general formula for the equilibrium
in a reversible first-order chemical reaction12

n � 1/�1 � C0
�1 exp(�G/RT�], (1)

where n is the fraction of the hybridized probes in
equilibrium, C0 is the concentration of the targets, and
�G is the molar Gibbs free energy of the probe:target
duplex formation. Equation (1) is valid under the
condition that the target concentration is constant. For
brevity, we omit a straightforward derivation for a
general case when targets are depleted because of
hybridization. Note that at constant temperature Eq.
(1) corresponds to the well-known Langmuir adsorp-
tion isotherm equation, which is often used to inter-
pret microarray experiments.3 For discussing the
mechanism of the interaction below, we introduce
here the interaction Gibbs free energy with the surface
for the probe Vp, target Vt, and duplex Vd. This inter-
action impacts the hybridization equilibrium and
therefore the parameters in Eq. (1) in several ways.
First, the target concentrations on the surface Cs and
in solution C0 vary according to the Boltzmann dis-
tribution formula

Cs � C0 exp(�Vt/RT) (2)

Second, the Gibbs free energy differences of the du-
plex formation on the surface �Gs and in solution �G
differ by the change of the interaction energy after and
before hybridization, (Vd � Vp � Vt). Thus

�Gs � �G � Vd � Vp � Vt (3)

Equations 2 and 3 account for the target concentration
and duplex binding strength changes near the surface,
respectively. Substitution of Eqs. (2) and (3) in Eq. (1)
gives the formula

ns � 1/{1 � C0
�1 exp[(�G � Vd � Vp)/RT]}, (4)
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which describes the effect of surface interactions on
the hybridization equilibrium. This equation differs
from Eq. (1) for hybridization in bulk by addition of
(Vd � Vp) to the hybrid formation free energy. Hence,
if duplex and probe are attracted to the surface (Vd

� 0 and Vp � 0), the stronger attraction of the duplex
for the surface �Vd� � �Vp� promotes duplex formation.
In contrast, a stronger surface repulsion of the duplex
than the probe shifts the hybridization equilibrium
toward melting of duplexes into single strand targets
and probes.

This approach can be also used out of thermody-
namic equilibrium when the target’s concentration on
the surface Cs is determined not by the Boltzmann
distribution Eq. (2), but rather by some steady state
transport process. The corresponding Cs and Eq. (3)
should be substituted in Eq. (1) to obtain the equilib-
rium yield of the duplexes in surface hybridization, ns.
This is relevant to electronic DNA chips where the
assayed nucleic acid is transported by electrokinetic
drag13,14 and flow-through biochips.15

Surface Electrostatic Interaction

In order to evaluate the hybridization with the surface
tethered probes, one need to know the probe Vp and
duplex Vd interaction energies in Eq. (4). Recently, we
calculated the oligonucleotide–surface interaction in
electrolyte solution.6 We assumed the electrostatic
interaction to be dominant since in microarray appli-
cations typically the oligonucleotide is tethered to the
surface through a sufficiently long linker molecule,
making the short-range van der Waals forces weak
and therefore their effect small. The electrostatic
Gibbs free energy was shown to be a sum of two
components, V1 and V2. As depicted in Figure 1, V1

corresponds to the direct electrostatic interaction with
the surface charge and is attractive (repulsive) for the
positively (negatively) charged surface because of the
negative charge of the nucleic acid target. V2 is the
target’s electrostatic free energy of interaction with
uncharged dielectric or zero potential metallic sur-
faces. This part of the interaction is calculated by the
method of images and is represented by an interaction
with a fictitious image charge. For a metallic surface,
V2 is attractive; the image charge is of the same
magnitude but has an opposite sign to the target’s
charge. For the dielectric surface, the magnitude of
the free energy of interaction clearly depends on the
dielectric constant. However, in practical terms the
dielectric constant of surface material is low com-
pared to the relatively high dielectric constant of
water where � � 80. This allows one to view the
image interaction with different dielectric surfaces as

a repulsion from the image charge, which is equal to
the target’s charge. The Coulomb screening in the
electrolyte solution further causes essentially expo-
nential decay of electric interactions with the distance
as V1 	 exp(��h) and V2 	 exp(�2�h), where � is
the inverse Debye screening radius. Note that V2

decays faster than V1 since the target-image distance
in Figure 1A is twice the target-surface distance h.

DNA Duplex Melting Temperature

The hybridization thermodynamics of perfectly
matched CAGGTTAT/GTCCAATA duplex on the
surface was evaluated according to the theoretical
method developed in Ref. 6. As is standard, the du-
plex stability is expressed in terms of the melting
temperature Tm defined at equilibrium as the temper-
ature at which half of the probes form duplexes [ns

� 0.5 in Eq. (4) ]. Figure 2 demonstrates the shift of
Tm on the surface relative to the bulk as a function of
the probe–surface distance. The results are given for
dielectric (upper row) and metallic (bottom row) sur-
faces for hybridization at four NaCl salt concentra-
tions from 1 mM to 1M.

As shown in Figure 2, for an uncharged dielectric
surface the melting temperature is reduced compared
to its value in solution far from the surface. In con-
trast, a zero potential metallic surface increases the
melting temperature. This different behavior is in
accordance with the above-mentioned repulsive and
attractive nature of the image interaction V2, with
dielectrics and metals, respectively. The positive sur-
face charge (
 � �25 mV) introduces an attractive
V1 interaction and increases the melting temperature
above that at a neutral surface. Since the decay length

FIGURE 1 Electrostatic nucleic acid–surface interaction
in electrolyte solution is presented by the sum of the charge
q with the surface charge V1 and charge–image charge
interactions V2. V1 is attractive (repulsive) for the positively
(negatively) charged surface, respectively, because of the
negative charge of nucleic acid target. For a metal surface
the image charge qi � �q and provides an attractive V2,
whereas for a dielectric surface qi � q and the interaction V2

is repulsive.
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for V1 is twice as long as for V2, for charged surfaces
(Figure 2, central and right columns), the effect is
longer ranged compared to the neutral surface. The
length scale is determined by the inverse Debye
screening length, �, which is 0.34 nm at 1M NaCl and
increases to 9.6 nm for 1 mM salt at 300 K. This
increase of the screening length is the reason of ob-
served in Figure 2 increase of the melting temperature
shift as the salt concentration is lowered.

In striking agreement with our prediction,6 Geor-
giadis and colleagues7 recently observed that applica-
tion of a negative surface potential enhances the DNA
duplex melting. The experiment was done on oligo-
nucleotide duplexes tethered to a gold film at a surface
potential �300 mV. These conditions correspond to
an ideally polarized region of the gold electrode with
zero Faradaic current and thus evidence of the elec-
trostatic mechanism of the DNA duplex destabiliza-
tion. At positive surface potential, an enhanced for-
mation of duplexes was observed in accordance with
our theory. In an earlier study, Heller with co-work-
ers13 discovered an “electronic denaturation” of teth-
ered to electrode DNA duplexes in conditions when

electrochemical current flowed. In this case the theo-
retical analysis is more complex, and should include
along with electrostatic interactions possible electro-
kinetic and electrochemical effects.

Glass Microarrays

In commonly used microarrays on glass surfaces, our
estimates predict significant electrostatic effects. At
equilibrium, the silica surface charge density in 1M
sodium nitrate aqueous solution increases from zero at
pH 4 to �0.24 C/m2 at pH 9.5, corresponding to a
surface potential range from 0 to �100 mV.16 In partic-
ular, for typical hybridization conditions near pH 7, the
potential is �35 and �80 mV for the salt content of 1
and 0.1M, respectively. Comparison with results in Fig-
ure 2 shows that for short probe–surface distances this
negative surface potential may inappropriately reduce
the melting temperature by tens of degrees Celsius. This
decreases the number of duplexes at a given hybridiza-
tion temperature and thus the sensitivity of microarray.
Decrease of the equilibrium negative surface charge

FIGURE 2 Probe–surface distance dependence of the melting temperature shift for the CAGGT-
TAT/GTCCAATA duplex at various NaCl concentrations from 0.001 to 1M as indicated. The
metallic surface (bottom row) tends to increase the melting temperature because of the attractive V2,
whereas for the dielectric surface (top row) the effect is opposite. For the both cases the attractive
positive surface potential V1 increases the melting temperature (right column). At constant potential
the charge density on the dielectric surface scales to the square root of the added salt content and
�25 mV corresponds to the surface charge density �0.058 C/m2 at 1M NaCl content.
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(e.g., by pH adjustment or surface chemistry) may be
used to improve the sensitivity.

In addition, surface charge control is required to
achieve reproducibility of the microarray data. A glass
surface is prone to static charging. It would be interest-
ing to test experimentally if this random charge contrib-
utes to noise in hybridization signals and thus should be
eliminated by surface discharging prior to hybridization.
Below we also analyze some other limitations of current
microarray designs. Using the theory developed, we
consider possible improvements and suggestions for fur-
ther experimental testing.

Enhancement of Match/Mismatch
Discrimination

The match/mismatch discrimination ratio, characterizing
selectivity of hybridization and the ability to distinguish
between perfectly matched and mismatched target’s se-
quence, may be affected considerably by the surface
interactions. Because of the conformational flexibility of
linker molecules, the probes are in a distribution of
distances from the surface. This creates a distribution of
the melting temperature, which inhomogeneously broad-
ens the melting curve and decreases the discrimination
of mismatches. Here we consider how to minimize this
undesirable effect using equally distributed probes in a
0.4 nm thickness layer on a dielectric surface in 1M
NaCl solution as an example. Figure 3A shows the
melting temperature dependence on the surface charge
density �. It demonstrates that at � � � 0.05 C/m2, Tm

practically does not depend on the probe–surface dis-
tance. Hence, the inhomogeneous broadening is sup-
pressed, and the calculated melting curve (Figure 3B) is
narrower compared to the reference curve at � � �0.05
C/m2. As a result, the discrimination ratio (calculated for
a decrease in Tm of 7°C mismatch relative to a match)
increases from 4.5 to 7.

Equal Melting Temperatures of Different
Probes

The known limitation of the dynamic range of microar-
ray assays is connected with the intrinsic lesser stability
and lower melting temperature of A:T compared to G:C
base pairs. As a result, a probe set on a single microarray
is often restricted to oligonucleotides with similar GC
content in order to ensure their comparable sensitivi-
ty.1,5,11 This limits the diversity of sequences that can be
interrogated in one microarray experiment. The im-
proved methods developed use tetraalkylammonium
salts in the hybridization solution17 and chemically mod-
ified oligonucleotides,18,19 but are not sufficiently effec-
tive or always feasible. Results in Figure 2 suggest two

ways to equalize the melting temperatures by individual
adjustment of probe–surface distance or specific regula-
tion of the charge density on the surface areas under
different probes. In the first approach, the oligomer link-
ers of probe specific length may be easily attached to
different probes using standard microarray fabrication
techniques. The second possibility may be appropriate
for arrays on metallic surface that allow separate regu-
lation of the surface electric potential under different
probes.

Melting the Secondary Structure of
Assayed RNA

Application of microarrays especially for genotyping
and polymorphism analysis demands effective hybrid-
ization across all the sequence of the nucleic acid target.
However, experiments revealed substantial hybridiza-
tion yield for only a small part of RNA sequences.20,21

FIGURE 3 Effect of the surface charge density on the
melting curve and match/mismatch discrimination ratio. (A)
The melting temperature vs surface charge density curves
for probes at 0, 0.2 and 0.4 nm distances from the dielectric
surface in 1M NaCl solution. (B) The melting curves and the
discrimination ratios for the surface charge density �0.05
C/m2 (solid lines) and �0.05 C/m2 (dashed lines) for ho-
mogeneous distribution of probes at 0 to 0.4 nm distance
from surface. Near the intersection region in FIGURE 3A at
� � �0.05 C/m2 the inhomogeneous broadening is almost
eliminated making the melting curve narrower. This en-
hances the match/mismatch discrimination ratio at a given
melting temperature up to 7 compared to 4.5.
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This was attributed to the effect of secondary RNA
structures, making the involved bases less accessible for
duplex formation with a probe. For example, only 40%
of rabbit �-globulin mRNA sequence exhibits hybrid-
ization with 17-mer probes above 10% of the highest
duplex yield.20 Similar results were reported for tRNAs
showing effective heteroduplex formation for only about
10% of the sequence.21 More efficient and homogeneous
hybridization across an RNA target is expected if the
secondary structure is melted. Considerable melting is
known to occur at low salt conditions because a decrease
from 1M to 1 mM NaCl suppresses Tm in homogeneous
solution by about 40°C.22 Despite this suppression, we
show in Figure 4 that a much stronger increase of probe:
RNA duplex Tm near a dielectric or metallic positively
charged surface with the potential �25 mV is achieved
providing the melting temperature above 0°C if the
probe–surface distance is less than 20 nm. Importantly,
the mechanism works by increasing target’s concentra-
tion near attractive positively charged surfaces according
to Eq. (2) and thus promotes only intermolecular duplex
formation. It does not affect intramolecular hybridization
near the surface leaving the nucleic acid targets and
probes relatively more melted and structureless as
needed for complete screening of target’s sequence with
single base resolution.
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FIGURE 4 Duplex melting temperature dependence on
the probe–surface distance for a positively charged 

� �25 mV dielectric (solid line) and metallic (dashed line)
surface at 1 mM NaCl. Increase of the melting temperature
near the surface makes possible effective hybridization of
the premelted target nucleic acid to the tethered oligonucle-
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