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ABSTRACT

Solid-phase hybridization, i.e. the process of recog-
nition between DNA probes immobilized on a solid
surface and complementary targets in a solution
is a central process in DNA microarray and biosen-
sor technologies. In this work, we investigate the
simultaneous effect of monovalent and divalent
cations on the hybridization of fully complementary
or partly mismatched DNA targets to DNA probes
immobilized on the surface of a surface plasmon
resonance sensor. Our results demonstrate that
the hybridization process is substantially influenced
by the cation shielding effect and that this ef-
fect differs substantially for solid-phase hybrid-
ization, due to the high surface density of
negatively charged probes, and hybridization in a
solution. In our study divalent magnesium is found
to be much more efficient in duplex stabilization
than monovalent sodium (15 mM Mg2+ in buffer led
to significantly higher hybridization than even
1 M Na+). This trend is opposite to that established
for oligonucleotides in a solution. It is also shown
that solid-phase duplex destabilization substan-
tially increases with the length of the involved
oligonucleotides. Moreover, it is demonstrated
that the use of a buffer with the appropriate cat-
ion composition can improve the discrimination
of complementary and point mismatched DNA
targets.

INTRODUCTION

Solid-phase hybridization, in which nucleic acid strands
tethered to a solid support (DNA oligonucleotide
‘probes’) bind DNA molecules from a solution

(‘targets’), represents a key process in DNA microarray
and biosensor technologies. In the last two decades,
these technologies have made great advances and have
been applied in a number of important areas such as
genotyping, gene expression profiling and biological detec-
tion (1–3). Although the underlying hybridization process
is fairly well understood in bulk solution, the understand-
ing of solid-phase hybridization is much less developed
and is therefore highly desired (1,4).
The solid–liquid interfacial environment is substantially

different from the bulk solution. Typically, DNA probe
layers are characterized by a surface density of 1012–1013

probes/cm2 and a layer thickness of several nanometers
(1,5). These values correspond to a local concentration
of oligonucleotides of �3–30mM, which is much higher
than the typical levels used in hybridization experiments in
a solution. As the oligonucleotides are negatively charged,
not only steric but also electrostatic effects play an import-
ant role in the solid-phase hybridization processes.
Therefore, it is not surprising that the results of
solid-phase hybridization experiments often deviate sub-
stantially from the models established for hybridization in
a solution (1,6–8).
One of the key factors affecting the electrostatic field of

the surface with the immobilized negatively-charged
probes, and thus solid-phase hybridization, is the
presence of cations. In general, cations compensate for
the negative charge of the oligonucleotide backbone and
stabilize the oligonucleotide complexes. It is anticipated
that the shielding effect of cations will be more
pronounced in solid-phase hybridization in comparison
with hybridization in a solution due to the high surface
density of negatively charged probes in the layer arrange-
ment. Due to the need for cation shielding to compensate
for the negative charge of closely spaced probes, DNA
duplexes have been shown to exhibit lower stability in
solid-phase than in solutions with the same cation
content (1,7,8). Several experimental and theoretical
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works have demonstrated repulsion of the immobilized
probes and its destabilizing effect on duplexes and
related them with the cation shielding (1,9–11). Peterson
et al. (11) and Yu et al. (9) reported that the hybridization
efficiency (HE) decreases with an increase of the surface
probe density. Peterson et al. (11) showed that the yield of
the probe immobilization on the surface increases with an
increase of the concentration of monovalent sodium in the
immobilization buffer. The dependence of the HE on
sodium concentration in the range of 0–500mM was
studied in the work of Okahata et al. (10). In agreement
with the electrostatic theory, it was determined that the
HE increases with an increase of the sodium concentra-
tion. Recently Cho et al. (12) used a surface plasmon res-
onance (SPR) sensor to demonstrate that the key factor
influencing the probe density and subsequent hybridiza-
tion is the total concentration of sodium, whereas the type
of buffer had only a minor effect. Vainrub and Pettitt (13)
developed a macroscopic theoretical model considering
the repulsion between the charged immobilized probe
layer and the target as the main factor influencing the
hybridization yield and the binding kinetics on a DNA
chip. This model was subsequently improved by
Halperin et al. (14) who treated the immobilized probes
as a 3D layer. In summary, the experimental and theoret-
ical works dealing with the cation effect on solid-phase
hybridization published so far have focused more on
probe density, while the role of different types and con-
centrations of cations has been addressed to a lesser
extent.
In contrast to the case of solid-phase hybridization,

numerous models and empirical formulas have been de-
veloped to describe oligonucleotide hybridization in a
solution and used to determine thermodynamic param-
eters of oligonucleotide hybridization in the presence of
monovalent and divalent cations (15–20). SantaLucia
et al. (18,19) employed a nearest-neighbor model to
predict a duplex stability for a wide range of sodium con-
centrations. Recently Owczarzy et al. (17), based on the
analysis of a large set of UV absorption spectra, proposed
an empirical formula for oligonucleotide duplexes
enabling the prediction of melting temperatures, transition
enthalpies, entropies and free energies in buffers contain-
ing magnesium and monovalent cations. The most
advanced theoretical model, referred to as the tightly
bound ion (TBI) model, was proposed by Tan and Chen
to describe cation–oligonucleotide interactions in a
solution (20,21). This model employs separate treatments
for tightly bound ions and for diffuse ions surrounding
DNA molecules.
In this work, we present for the first time the study of

the simultaneous effect of sodium (monovalent) and mag-
nesium (divalent) ions on the solid-phase hybridization of
fully complementary and partly mismatched DNA targets
to densely immobilized probes on a solid surface. The
shielding effect of cations on hybridization is investigated
with respect to both the cation type and concentration
using an SPR sensor and the results are compared with
the results obtained in a solution using UV absorption
spectroscopy.

MATERIALS AND METHODS

Oligonucleotides

A biotinylated 23-mer DNA oligonucleotide (BdO23) of
the sequence biotin-(TEG)2-5

0-d(CAG TGT GGA AAA
TCT CTA GCA GT)-30 was used as a DNA oligonucleo-
tide probe. This base sequence plays a crucial role in the
replication of the human immunodeficiency virus (HIV)
(22). The following DNA oligonucleotides were used as
targets: (i) the fully matched target 50-d(ACT GCT
AGA GAT TTT CCA CAC TG)-30 (CdO23), (ii) the
partly mismatched target containing three purine–pyrimi-
dine mismatches (the mismatched bases are underlined)
50-d(ACT GCC AGA GAT CTT CCA TAC TG)-30

(Mism3), (iii) the partly mismatched target containing
four purine–pyrimidine mismatches 50-d(ACT GCC
AGA AAT TCT CCA TAC TG)-30 (Mism4). The oligo-
nucleotides were synthesized in LMFR Masaryk
University in Brno, Czech Republic. The thiolated DNA
probe S1 [SH-(MC6-D)-50-d(CCT AAA AGG TTA CTC
CAC CGG CT)-30] and the DNA complementary target
S1C 50-d(AGC CGG TGG AGT AAC CTT TTA GG)-30

were purchased from Integrated DNA Technologies, Inc.,
USA, and from LMFR Masaryk University, Czech
Republic, respectively. All the oligonucleotides were
HPLC purified.

Reagents

All the buffers were prepared using ultrapure water
(18M�/cm resistance, Direct-Q from Millipore). Sodium
acetate, KH2PO4, Na2HPO4, KCl, NaCl, MgCl2, HEPES
(C8H18N2O4S), sodium cacodylate [(CH3)2AsONa.3H2O],
Na2HPO4, Tris (C4H11NO3) and TSTU [N,N,N0,N0-
Tetramethyl-O-(N-succinimidyl) uronium tetrafluoro-
borate] were purchased from Sigma Aldrich, USA, in
mol. biol. grade or higher. Streptavidin from
Streptomyces Avidinii was obtained from Sigma Aldrich,
USA. Carboxylic (HS-C15-COOH) and hydroxylic
[HS-C11-(EG)2-OH] alkanethiols were purchased from
Prochimia, Poland. Ethanol for spectroscopy (purity
�99.9%) was purchased from Merck, USA.

The composition of the phosphate buffer (PB) was
1.4mM KH2PO4, 8mM Na2HPO4, 2.7mM KCl, pH 7.4
at 25�C. The PBS buffer had the same composition as the
PB buffer with 137mM NaCl, pH 7.4 at 25�C. The immo-
bilization and hybridization were measured in 10mM Tris
(in some cases in 10mM PB, 10mM HEPES or 10mM
cacodylate) containing a selected combination of mixed 0,
50, 150, 500 and 1000mM NaCl and 0, 1.5, 5 and 15mM
MgCl2, pH 7.4 at 25�C.

The SPR biosensor

A laboratory SPR sensor (PLASMON IV) developed at
the Institute of Photonics and Electronics, Prague, Czech
Republic, was used for the purpose of this study (23). In
brief, the sensor is based on wavelength spectroscopy of
surface plasmons in four independent sensing channels
and uses a flow-through flow-cell to confine the liquid
sample during the experiments. In terms of performance,
the sensor is comparable with the best commercial SPR
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sensor systems. A detailed description of the sensor system
is available elsewhere (23).

SPR experiments

In most SPR experiments reported herein, a conventional
immobilization method utilizing streptavidin–biotin inter-
action was used for the attachment of DNA probes to the
sensor surface (gold layer). The immobilization procedure
is described in detail elsewhere (23). In brief, the buffer
(10mM Tris, pH 7.4 at 25�C) was allowed to flow along
the streptavidin-modified sensor surface for 10min. Then
100 nM solution of the probe (biotinylated oligonucleotide
BdO23) was introduced to the buffer and injected in the
flow-cell. The immobilization process was monitored
using the SPR sensor. After about 35min, when a stable
level of the sensor response to the probe immobilization
was reached, the running buffer was injected in the
flow-cell to wash the functionalized surface. The hybrid-
ization experiments were performed immediately after the
immobilization of probes was completed. The solution of
the target (100 nM) was introduced into the running buffer
and allowed to flow through the flow-cell until the
equilibrium response was reached (about 35 minutes).
Both the immobilization and the hybridization steps
were performed in the same running buffers. The tempera-
ture and the flow rate were strictly maintained at 25�C and
30 ml/min, respectively.

In control experiments reported in this work, thiolated
oligonucleotide probes (S1) were directly attached to the
SPR sensor surface. The clean SPR chip was rinsed with
deionized water and immersed in a solution of 2 mM probe
(S1) in PBS for 2 h. Prior to the SPR measurements, the
functionalized chip was rinsed with deionized water, dried
with a stream of nitrogen and mounted into the SPR in-
strument. The solid-phase hybridization of the target
(S1C, 100 nM) with S1 probe was performed in 10mM
Tris with 15mM magnesium and 1000mM sodium, re-
spectively. The hybridization process was carried out for
20min followed by washing with Tris containing the
selected cation content. Regeneration of the SPR chip
was performed by flowing 3% HCOOH along the sensor
surface for 5min. The experiment was carried out at a flow
rate of 30 ml/min and a temperature of 25�C.

Analysis of SPR measurements

SPR measurements provided the sensor response (propor-
tional to the mass of captured molecules) as a function of
time. A typical kinetic curve containing sensor response to
both the probe immobilization and the target hybridiza-
tion process is shown in Figure 1. The equilibrium levels
corresponding to the yields of the immobilization A and of
the hybridization B were determined. The total surface
density of the immobilized probes D was calculated ac-
cording to the formula D ¼ �A, where � =1.42� 1012

oligonucleotide/cm2/nm is the calibration coefficient for
BdO23. This calibration coefficient � was calculated for
the used SPR sensor system taking into account the mo-
lecular weight of the probe. Details of the calculation are

provided in Ref. (24). The HE, i.e. the ratio of formed
duplexes to immobilized oligonucleotide probes, was
calculated as HE ¼ ð B �Mprobe=A �Mtarget), where Mprobe

and Mtarget correspond to the molecular weight of the
probe and target, respectively.
Considering the duplex formation as a pseudo

first-order process, its equilibrium association constant
K is given by HE according to the formula
K ¼ ðHE=ctarget � ð1�HEÞÞ, where ctarget is the target con-
centration (ctarget=100 nM in our experiments). The dec-
rement of Gibbs energy associated with the duplex
formation was determined using the van’t Hoff
equation: �GT ¼ �RT lnK Tð Þ.

UV absorption measurements

The oligonucleotide solutions (BdO23 and CdO23) for UV
absorption measurements were prepared in the buffers
with a cation content corresponding to the SPR experi-
ments (i.e. 10mM Tris with 1000mM NaCl and 10mM
Tris with 15mM MgCl2). The equimolar solutions of
mixed oligonucleotides with a total strand concentration
of 0.5, 1, 2 and 5 mM, and with a total strand concentra-
tion of 0.3, 0.6, 2 and 6 mM, were prepared in Tris con-
taining sodium and magnesium cations, respectively, and
placed in cuvettes with a 1-cm path length. The absorb-
ance at the wavelength of 260 nm was measured with the
UV–VIS absorption spectrometer Varian 4000. The
heating cycles were performed at the temperature range
of 30–90�C with a heating rate of 1�C/min. Each sample
was measured in duplicate. The melting temperatures were
calculated by the standard derivative method. The result-
ing DG298 values were calculated according to the predic-
tion formula based on the nearest-neighbor model
described by SantaLucia (18).

Figure 1. Design of the SPR experiment. The oligonucleotide immobil-
ization giving the immobilization level A was followed with the hybrid-
ization process to get the final amount of formed complexes (level B).
Both processes were monitored for 35min in a buffer with the
desired Na+/Mg2+ composition at 25�C and a flow rate of 30 ml/min.
The inset shows the scheme of data processing. k in the equation for
the HE represents the molecular-weight ratio of the target and the
probe.
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RESULTS

Hybridization of fully matched targets

The main set of experiments was performed with a model
system—a DNA 23-mer target (CdO23) containing a base
sequence fully complementary to the sequence of the
immobilized probe (BdO23). Prior to the detailed study
of the cation effect, the influence of the buffer being
used was investigated. HE was measured in four
common buffers, namely in the Tris, HEPES, phosphate
and cacodylate buffers. The HE was measured five times
in each buffer at 10mM concentration, with the addition
in each case of one of the five combinations of sodium/
magnesium: 0/0mM, 0/15mM, 50/1.5mM, 150/5mM,
1000/0mM and 1000/15mM. The obtained results did
not display any noticeable differences between the
buffers (Supplementary Data), which is in agreement
with the observations made by Cho et al. (12). The only
exception was the case when no cations were added to the
buffer, i.e. for the ‘0/0 mM’ combination of sodium/mag-
nesium concentration. In this case, no sensor response to
the target hybridization was observed in Tris, while a very
low response to hybridization was observed in the other
measured buffers. This was due to the fact that only in the
case of Tris, no small cations were present in a solvent
after adjusting to the required pH (pH 7.4 at 25�C). To
ensure that the solid-phase hybridization experiments are
conditioned solely by the presence of free cations coming
from the added salts (NaCl and MgCl2), Tris was selected
as a hybridization buffer for all the SPR experiments and
the melting study. Tris was used despite the temperature
sensitivity of its pH (17) as it did not contain any add-
itional cations and was optimal for reported measure-
ments with low concentrations of sodium and
magnesium cations.
Gibbs energy values (�G298) corresponding to the hy-

bridization of the 23-mer target (CdO23) with the
immobilized probe (BdO23) were derived from the hybrid-
ization efficiencies as described in the ‘Materials and
Methods’ section (Figure 1). The results are displayed in
Figure 2a as a 2D function of sodium and magnesium
concentration (the values are presented in the form of
tables in Supplementary Data for all the 2D graphs).
The cation concentration ranges were 0–1M and
0–15mM for sodium and magnesium, respectively. The
comparative Gibbs energy values for duplex hybridization
in a solution are shown in Figure 2b. These values were
calculated using the standard empirical prediction
formulas as described in Owczarzy et al. (17).
Figure 2a demonstrates the expected overall tendency of

increased duplex stability with an increase of the cation
content. However, several obvious features differ consid-
erably from the results usually obtained in solutions:
(i) magnesium is more efficient in the duplex stabilization
than even a much higher concentration of sodium, (ii) the
absolute values of �G298 are substantially lower than
those reported in a solution with the same cation
content, (iii) local stability minimum can be observed
when the sodium concentration is gradually increased
while the magnesium level is kept constant.

The observation that for solid-phase hybridization, the
15mMmagnesium (divalent) cation is more efficient in the
duplex stabilization than even a very high concentration
of monovalent sodium (1M NaCl) is rather surprising.
For oligonucleotide complexes in a solution (present typ-
ically at micromolar concentrations), the opposite trend in
cation efficiency has been described. Owczarzy et al. (17)
observed that 1M monovalent potassium, which is
equivalent with sodium ions in the stabilization of
duplexes in a solution (16,17), is more efficient in stabil-
ization of the oligonucleotide duplexes than any concen-
tration of divalent magnesium. Clearly, the trend in
monovalent/divalent ion efficiency obtained by applying
Owczarzy’s formula (17) to our buffer parameters
(Figure 2b) is opposite to our experimental results.

To further confirm these observations and to address
the potential issue of differences in the experimental con-
ditions, a comparative UV absorption experiment was
performed with the same oligonucleotide system (BdO23

and CdO23 oligonucleotides) as used in the SPR experi-
ments. The selected cation content was 1000mM sodium
(without magnesium) and 15mM magnesium (without
sodium). The melting temperatures of 75.3±0.5�C and
70.1±0.5�C corresponding to Gibbs energies �G298 of
�139±7kJ/mol and �130±6kJ/mol for 1000mM
sodium and 15mM magnesium, respectively, were
achieved (for a detailed data analysis, see Supplementary
Data). A comparison of these results with the �G298

values for solid-phase hybridization obtained with the
SPR sensor, i.e. �42.6±0.8 kJ/mol for 1000mM
sodium and �44.3±0.8 kJ/mol for 15mM magnesium
confirms the opposite ranking of the sodium and magne-
sium efficiency.

A substantial difference in the sodium effect on the
duplex stability observed in solid-phase hybridization
and hybridization in a solution can be further illustrated
by a comparison of our results with the published works.
For hybridization in a solution, a quantitative description
of the effect of sodium concentration on duplex stability
has been derived (18,25). Based on these studies both the
experimental data (18) and the TBI model (25) suggest a
linear dependence of �G on the logarithm of sodium con-
centration in the concentration range of 50–1000mM, i.e.
�GT Na+

� �� �
��GT 1M½ �ð Þ ¼ �� � ðN� 1Þ � ln Na+

� �� �

where (N–1) is the number of phosphates in a single DNA
strand. For our experimental conditions (N–1=22,
T=298K) the values of the coefficient � were determined
to be 0.46 kJ/mol (18) and 0.28 kJ/mol (25). By fitting the
formula to our solid-phase hybridization results in the
used sodium concentration range (Supplementary Data),
a linear trend was found as described for hybridization in
a solution. However, the corresponding value of the coef-
ficient � was only 0.036 kJ/mol, which is about one tenth
of the values for hybridization in a solution. This result is
consistent with the observation made by Gong and
Levicky (26) using shorter (18-mer) oligonucleotides.
This demonstrates that the sodium concentration (at a
concentration range of 50–1000mM) influences duplex
stability much less in solid-phase hybridization than in
hybridization in a solution.
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As follows from Figure 2a, the duplex stability depend-
ence on the sodium concentration (at a fixed concentration
of magnesium) shows local minima. Specifically, those
minima were found for 50mM sodium at 1.5mM magne-
sium, 150mM sodium at 5mM magnesium, and 500mM
sodium at 15mM magnesium. All of these combinations
correspond to an �30-fold excess of sodium over magne-
sium. These local minima are believed to be caused by the
competition of sodium and magnesium cations in their
binding to DNA duplexes (17,27,28). For example, the
magnesium as well as sodium ions are known to bind in
both minor and major groove in DNA duplex (29).
However, due to variable hydration shell, the monovalent
ions have larger variability of the binding sites within the
DNA duplex. Detailed discussion of sodium magnesium
competition can be found in Ref. (17,27,28). A competi-
tion effect of monovalent and divalent cations has been
recently observed using the UV absorption method (17)
and predicted by the TBI model (25) for oligonucleotides
in a solution.

To determine the reproducibility of Gibbs energy
values, a series of independent hybridization experiments
(using 22 measuring channels on eight different chips)
was performed at the conditions corresponding to the
highest achieved HE (i.e. 15mM magnesium and
0mM sodium). The obtained �G298 values were found
to be highly reproducible with a standard deviation
of <2%.

In all the SPR experiments described above, the probes
were immobilized to the sensor surface via a streptavidin
linker. To rule out the potential effect of cation–
streptavidin interaction on the studied cation–oligo-
nucleotide interactions, SPR measurements employing
another probe immobilization strategy were carried out.
In those experiments the thiol-derivatized oligonucleotide
probes were attached directly to the SPR sensor surface
(without the use of streptavidin). The hybridization with

complementary targets in buffer with selected cation
content was monitored (see Supplementary Data for
more details). The results clearly demonstrate the same
trend in cation efficiency as was observed for the
streptavidin-based immobilization method. In particular,
the sensor response to the complementary target binding
was considerably higher for the analyte solvent containing
only magnesium in comparison with that containing only
sodium (Supplementary Data). This confirms our assump-
tion that the presence of streptavidin does not influence
the conclusions derived from the hybridization experi-
ments utilizing the streptavidin-based immobilization
method.
Our results suggest that when formulating assay proto-

cols for DNA microarrays or biosensors, it is advanta-
geous to use a hybridization buffer containing a
relatively high concentration of magnesium (�15mM)
and a minimum amount of sodium.

Hybridization of targets containing mismatched bases

To determine the cation effect on stability of targets con-
taining internal base mismatches, a series of SPR experi-
ments analogous to the previous experiments were carried
out with the targets containing three (Mism3) or four
(Mism4) purine–pyrimidine mismatched base pairs as a
model system. These point mismatched bases were
distributed uniformly along the target strand. Figure 3
shows �G298 values in dependence on sodium and mag-
nesium concentrations. The overall trends of the duplex
stability as a function of sodium and magnesium concen-
trations for Mism3 and Mism4 are similar to those
obtained for the fully matched targets. These include, in
particular, the higher efficiency of magnesium over
sodium and the stability minima when the sodium concen-
tration is gradually varied and the magnesium concentra-
tion is fixed.

Figure 2. Gibbs energies �G298 of 23-mer fully matched duplex formation in the presence of various monovalent and divalent cation concentrations.
(a) Gibbs energy values obtained using the SPR sensor. The value for zero content of small cations is not shown, because no sensor response to
hybridization was observed. (b) The comparative Gibbs energy values for hybridization in a solution calculated using the empirical formulas
described by Owczarzy et al. (17). The unknown parameter of Equation 23 (17) �Gsolution

298 was determined to be equal to �139±7kJ/mol using
UV absorption measurement at a sodium concentration of 1M [this experimental value agrees with that predicted by SantaLucia’s model (18) in a
solution]. Monovalent potassium is considered as equivalent with sodium cation in the stabilization of duplexes in a solution (16,17).
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In agreement with the previous DNA biosensor (30)
and microarray (6) studies, total �G298 values were
reduced due to the presence of mismatched base
pairs. The destabilizing effect was not proportional to
the number of mismatches. For instance, in the case of
15mM magnesium without sodium, the difference for
three mismatches �G298(Mism3) –�G298(Match)=
0.84 kJ/mol is three times less than that for four mis-
matches �G298(Mism4) –�G298(Match)=2.45 kJ/mol.
To investigate whether it is possible to improve the level

of discrimination of mismatched and fully complementary
targets by optimizing the combination of cations in the
hybridization buffer by type and cation concentration,
the levels of destabilization dependent on cation content
were plotted out. Figure 4 shows the levels of destabiliza-
tion determined as the difference between Gibbs energies
for three and four base mismatched targets and those for
the fully matched target with the same cation content. The
values of the calculated destabilization levels were rela-
tively small and therefore these values were subject to a
relatively high uncertainty. However, the general trend of
the sodium and magnesium effect is obvious. There is no
clear dependence of the mismatched duplex destabilization
on the magnesium concentration except for the case of 50/
0mM, in which, however, the stability of the used fully
matched duplex is also substantially reduced. It is evident
that at high sodium concentrations (higher than 100mM)
the destabilization of mismatched duplexes is lower in
comparison with a low concentration of sodium (50mM
or less). In the optimization of the cation content for the
discrimination of fully complementary and mismatched
targets, the need for sufficiently high HE must be taken
into account as well. The optimized cation composition
yielding the highest level of discrimination between fully
complementary and mismatched targets while maintaining
a high hybridization signal is clearly the combination of
the following cation concentrations, sodium: 0–50mM
and magnesium: 1.5–15mM. It should be noted that
the results were obtained for the model oligonucleotide
system containing point purine–pyrimidine mismatches.

Extension of the conclusions of our work to general oligo-
nucleotide systems with different lengths and mismatch
types would require further study which will be a subject
of our future work.

DISCUSSION

The molecular model describing the observed shielding
effect of sodium and magnesium cations on solid-phase
hybridization is presented below. All the interactions of
probes with targets occur within an active layer with a
thickness of �10 nm. This thickness was estimated from
the characteristic dimensions of 23-mer oligonucleotide
and streptavidin molecules. Considering the observed
values of probe coverage (�5� 1012molecules/cm2) and
hybridization efficiencies of BdO23/CdO23 duplexes
(�75%), the molar concentration of duplexes in the
active layer was 5mM for 1000mM sodium. This indicates
that oligonucleotide duplexes occupy about 25% of the
layer volume. Similarly it can be concluded that in the
solution containing 15mM magnesium and no sodium,
as much as 35% of the active layer is filled with
duplexes. Considering that 75% of the active layer is
freely accessible for cations and assuming that DNA
duplexes form cylindrical polyanions with a radius of
10 Å (28,31) it is estimated that only a 6–8 Å thick shell
surrounding each duplex is available on average for
solvent with cations compensating for the negative
charge of the DNA duplex. Using the Poisson–
Boltzmann theory, Misra and Draper (31) determined
concentration profiles for sodium and magnesium
cations surrounding an isolated DNA duplex. These cal-
culations showed that both sodium and magnesium
cations effectively occupy an area up to 10 Å from the
DNA duplex surface, which exceeds our estimated free
zone. This suggests a spatial stress restricting the ability
of cations to completely shield the negative charges on
deoxyribophosphate backbones, which may explain the
decreased stability of highly packed duplexes in compari-
son with low concentrations of oligonucleotides in a

Figure 3. Gibbs energies �G298 of partly matched duplex formation at the SPR sensor in the presence of various sodium and magnesium concen-
trations. The left graph (a) corresponds to three and the right graph (b) to four purine–pyrimidine mismatches distributed regularly within the 23-mer
chain. In the case of no added cations, no hybridization was observed.
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solution. It has been shown that the distribution of mag-
nesium around an isolated DNA duplex is more compact
than that of sodium (31). Therefore, the total sum of
positive charges is higher for magnesium under the re-
stricted spatial conditions. This can explain the stronger
stabilization effect of magnesium over sodium on the
duplex stability for solid-phase hybridization as well as
the higher importance of the sodium–magnesium
competition.

It is important to mention that we cannot completely
exclude the effect of other magnesium binding mechan-
isms to DNA probes, which would also support its rela-
tively high stabilization efficiency. For instance, the
limited space between duplexes may evoke the idea of a
possible parallelism with the known role of multivalent
cations in the process of DNA condensation and redisso-
lution (32–34). Magnesium is also believed to specifically
interact with the oligonucleotide bases (35). All these
interactions may result in solid-phase hybridization of
non-complementary target. However, for our solid-phase
hybridization experiments, no considerable SPR signal
was observed when a non-complementary target with a
high concentration (2mM) was injected over the surface
of the immobilized probes even for the highest used con-
centration of magnesium (data not shown here).
Therefore, it is not likely that magnesium-mediated
interchain binding (other than duplex formation) takes
place in the solid-phase hybridization processes. On the
other hand, the interactions between closely packed
probes may affect the target affinity to probes (especially
for buffers with high cation concentrations) (26,36,37).
For example, the studies of Gong and Levicky (26) and
Matveeva et al. (36) confirmed that mutual probe inter-
actions may result in lower target affinity to probes.

Duplex destabilization for solid-phase hybridization (in
comparison with hybridization in a solution with the same
cation content) was observed in this work (Figure 2). This
trend can be also found in several other DNA sensor and
microarray studies (1,7–9,11,12). Due to the different

experimental conditions used in these works, it is difficult
to form a meaningful quantitative comparison among our
results and the published data. However, for selected ex-
perimental conditions, the differences between Gibbs
energy values for solid-phase hybridization and hybridiza-
tion in a solution (i.e. �Gsurface

298 ��Gsolution
298 ), which should

be independent of particular base sequence (7), can be
compared. The selected conditions include a comparable
probe density (1012–1013 probes/cm2) and the hybridiza-
tion of fully complementary targets in buffer containing
1000mM sodium without magnesium. In the cases when
solution hybridization data were not published, �Gsolution

298
values were estimated using the nearest-neighbor predic-
tion method by SantaLucia (18). The obtained
�Gsurface

298 ��Gsolution
298 differences varied significantly

among the reported data (Supplementary Data for
details). However, the correlation with the length of the
DNA strand was obvious. In particular, the level of
duplex destabilization (expressed as the
�Gsurface

298 ��Gsolution
298 difference) was directly proportional

to the squared number of negatively charged phosphate
units in the oligonucleotide chain (Figure 5). This depend-
ence is in qualitative agreement with the theoretical pre-
diction of Halperin et al. (14), who treated the
immobilized probes as a 3D layer. On the other hand,
the predicted duplex destabilization is significantly lower
than observed in our experiments (Figure 5). It suggests
that the cation shielding for solid-phase hybridization is
probably overestimated by the theory (14). In addition to
the electrostatic repulsion, mutual interactions between
probes may be also involved in duplex destabilization (26).
Figure 5 suggests a good agreement among our results

and the published data despite the different immobiliza-
tion methods used. This confirms our assumption that the
immobilization method as well as the detection technique
does not influence the general properties of cation–oligo-
nucleotide interactions. Therefore, one can conclude that
the trends in the shielding effect of combined monovalent
and divalent cations on DNA solid-phase hybridization

Figure 4. Differences between the Gibbs energies of duplexes containing three (a) and four (b) mismatched base pairs and the Gibbs energy of fully
matched duplex for various sodium and magnesium concentrations. The horizontal axes are rotated for better visibility. The value for zero content of
small cations is not shown, because no SPR signal to hybridization was observed.
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established in this work could be expanded to any
solid-phase hybridization utilizing similar surface density
and oligonucleotide length.

CONCLUSIONS

In this work, the simultaneous effect of monovalent and
divalent cations on solid-phase hybridization for closely
packed oligonucleotides on a biosensor chip was
investigated using SPR biosensor technology. The results
were compared with the cation efficiency trends estab-
lished for oligonucleotides in a solution as well as with
the relevant published data on cation effect in solid-phase
hybridization.
Our study shows that both the type and concentration

of cations play an important role in the compensation for
the negative charge of densely packed oligonucleotides on
solid surfaces and thus in solid-phase hybridization. It is
also shown that the efficiency with which cations stabilize
duplexes is greatly affected by the restricted surface con-
ditions and thus may substantially differ from that
observed in a solution. Specifically, divalent magnesium
was found to be much more efficient in stabilization of
duplexes than monovalent sodium. This finding sharply
contrasts with the results in solution where the trend is
the opposite. Moreover, the duplex stability was found
to be influenced much less by the concentration of mono-
valent sodium (when no magnesium was present) in
contrast with the relatively high sodium concentration
effect on stability observed in a solution.

In our experiments, the remarkable destabilization of
duplexes in solid-phase hybridization in comparison with
duplexes in a solution was observed. This result was in
agreement with previously published works. The level of
duplex destabilization was found to be strongly dependent
on the oligonucleotide length. In particular, the trend of
increasing duplex destabilization with an increase of the
oligonucleotide length was demonstrated. Our results
indicate that for solid-phase hybridization, the cation
composition is critical for accurate determination of the
duplex stability. Stability estimates based solely on com-
parable oligonucleotide and cation systems in a solution
are inaccurate, in particular, when oligonucleotides longer
than �10 nt are involved.

The obtained results have a number of important con-
sequences for the development of the technology of DNA
microarrays and biosensors, especially in terms of
formulating assays protocols, developing data analysis
tools and optimizing the device design. It is clearly
demonstrated that the HE can be controlled by optimizing
the cation composition in the running buffer.
Investigation of model oligonucleotides with point
mismatches suggests that discrimination of fully matched
and partially mismatched targets can be improved by
optimizing the cation composition in the hybridization
buffer. This finding is of great interest in many practical
applications. In this work, it was demonstrated that a
several millimolar concentration of magnesium and a
low concentration of sodium (<50mM) provide favorable
experimental conditions offering an improved discrimin-
ation of mismatched and fully complementary targets and
a high sensitivity of hybridization detection.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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