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Abstract: We investigate how probe density influences hybridization for unlabeled target oligonucleotides
that contain mismatched sequences or targets that access different binding locations on the immobilized
probe. We find strong probe density effects influencing not only the efficiency of hybridization but also the
kinetics of capture. Probe surfaces are used repeatedly, and the potentially large contributions of sample-
to-sample variations in surface heterogeneity and nonspecific adsorption are addressed. Results of kinetic,
equilibrium, and temperature-dependent studies, obtained using in-situ surface plasmon resonance (SPR)
spectroscopy, show that hybridization for surface immobilized DNA is quite different from the well-studied
solution-phase reaction. Surface hybridization depends strongly on the target sequence and probe density.
Much of the data can be explained by the presence of steric crowding at high probe density; however, the
behavior of mismatched sequences cannot be understood using standard models of hybridization even at
the lowest density studied. In addition to unusual capture kinetics observed for the mismatched targets,
we find that the binding isotherms can be fit only if a heterogeneous model is used. For mismatched targets,
the Sips model adequately describes probe-target binding isotherms; for perfectly matched targets, the
Langmuir model can be used.

Introduction

Hybridization of surface immobilized DNA is increasingly
important in both fundamental and applied research in chemistry,
biology, and nanoscience. For example, widely used microarray-
based techniques for DNA variation analysis involve hybridiza-
tion of immobilized oligonucleotide probe strands with solution-
phase targets.1-6 In nanoscience applications, oligonucleotides
can be used to arrange, on the nanoscale, the materials to which
they are attached.7-12

Fundamentally, all of these applications rely on the specificity
or stringency of hybridization, the process by which single-

stranded DNA (ssDNA) oligonucleotides form stable duplexes
or hybrids. The factors that control hybridization have been
extensively investigated for solution-phase DNA, especially for
perfectly matched strands and, more recently, for mismatched
DNA.13 In contrast, fewer investigations have focused on the
in-situ kinetics and thermodynamics for surface immobilized
probes interacting with solution-phase targets, where the mo-
lecular level processes are more complex. These processes
involve additional factors that are much less well understood,
such as probe density, surface heterogeneity and nonspecific
adsorption. The importance of such complex factors is increas-
ingly recognized but remains largely unaddressed in published
experiments. For example, probe density dependent kinetic or
steric constraints may alter the apparent stability or selectivity
of probe-target binding for surface immobilized oligonucleo-
tides. These effects are particularly difficult to investigate for
short oligonucleotide probes produced by light directed syn-
thesis, where a distribution of strand lengths and sequences is
produced.14 Even when pre-fabricated oligonucleotide probes
of known sequence and length are attached to a surface, the
surface probe density (number of probes per unit area) is often
not reported because quantitation of unlabeled probes is
difficult.6,15Some studies, aimed to alleviate steric effects, have
used oligonucleotide surface spacers to move probes away from
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the surface and enhance hybridization,16,17but probe density is
not controlled. Even when probe densities are reported, the
extent of hybridization is considered16,18 but not the rate of
capture.

The properties of mismatched (MM) oligonucleotides, which
are less understood than those of perfectly matched (PM)
oligonucleotides, are important for various applications including
the technology for detecting single nucleotide polymorphisms
across the genome. In the identification of genes using some
photolithographically synthesized oligonucleotide microarrays,5

the response from PM and MM probes is compared. Although
this approach has been suggested14 as a means of reducing
artifacts such as contributions from nonspecific binding, no
published experimental data establishes the assumptions of this
approach.19 Contrary to expectation, recent statistical analyses
find large fractions of MM probes exhibiting higher signal levels
than the corresponding PM probes. This behavior suggests that
hybridization on microarrays is more complex than expected
and raises the possibility that fluorescence labeling may play a
role.20

Initial work from our laboratory showed that the kinetics of
hybridization for unlabeled DNA oligonucleotides are extremely
sensitive, not only to the presence of mismatch base-pairs, but
also to the position of hybridization relative to the surface.21

We suggested that lateral interactions with nearby probe DNA
molecules could affect the kinetics. A subsequent study on
perfectly matched DNA, in which the probe density was varied
by an order of magnitude, confirmed that both the rate of target
capture and the extent of hybridization depend strongly on
surface probe density.22

Here, we examine five different solution-phase target oligo-
nucleotides, Table 1, interacting with the same tethered probe
oligonucleotide, Scheme 1. The oligonucleotide targets include
two thermodynamically equivalent 18-mer strands that bind to

different locations on the 25-mer probe strand and a series of
three 25-mer strands that contain increasing mismatch content,
including a single base-pair mismatch. Circular dichroism and
UV-vis melting experiments confirm that thermodynamic
differences between these targets in solution are in reasonable
agreement with calculations.23,24 Both 18-mer targets form
solution duplexes that have melting transition temperatures∼6
°C lower than the PM duplex, whereas 1MM and 2MM targets
have melting temperatures∼5 °C and∼10 °C lower than the
PM target.

We investigate these probe-target interactions at two different
probe densities, Scheme 2. For the denser film, inter-probe
interactions or cross hybridization of targets may come into
play.25 Indeed, Levicky et al. concluded that lateral interactions
among neighboring surface hybrids on a film of similar density
led to an upright orientation measured via thickness determi-
nation in neutron reflectivity studies.26 At the second, lower,
density studied here, such steric effects should be minimized
because of the larger probe-probe separation, approximately
equal to the calculated27 duplex length.

We use surface plasmon resonance spectroscopy (SPRS) to
monitor the kinetics of hybridization and to quantitatively
characterize the surface probe density, as well as determine
capture efficiencies and probe-target binding constants. This
optical technique, which does not require fluorescent probes or
other labels, has been used previously in our laboratory to study
the kinetics and thermodynamics of DNA monolayer films.21,28-30

Preparation of the probe film involves the attachment of a
thiolated DNA 25-mer oligonucleotide to the SPR sensor surface
via a covalent gold-thiol bond. Controlling the exposure time
and concentration of the probe solution attains the desired probe
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Table 1. Oligonucleotide Sequences and Nomenclature

probe: 25 thiol HS-C6-5′- AGATCAGTGCGTCTGTACTAGCACA-3′
target: PM 3′- TCTAGTCACGCAGACATGATCGTGT-5′
target: 2MM 3′- TCTAGTCACACAGACATCATCGTGT-5′
target: 1MM 3′- TCTAGTCACACAGACATGATCGTGT-5′
target: 18 high 3′- ACGCAGACATGATCGTGT-5′
target: 18 low 3′- TCTAGTCACGCAGACATG-5′
target: 25 control 3′- ACACGATCATGTCTGCGTGACTAGA-5′

Scheme 1. Diagram of the Immobilization Strategy that Uses an
Immobilized 25-mer Probe (fixed sequence) and Five Different
Target Oligonucleotides

Scheme 2. Illustration of Probe Densities Used in This Work.

At the higher density, the orientation of duplexes is preferentially oriented
toward the surface normal (ref 25); at the lower probe density, the orientation
is not known.
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density.22 This fabrication method has been shown previously
to result in robust, reusable DNA probe films which show
reproducible rates and efficiencies of target capture, provided
that films of the same probe density are compared.22 Nonspecific
adsorption is eliminated by the use of mercaptohexanol as a
component in the monolayer film.

The probe densities used in this work are a small percentage
(<10% monolayer) of a theoretical fully packed DNA mono-
layer film and in the same range as many published applications
that exploit DNA hybridization.18,31Detection of hybridization
is feasible at much lower probe densities with the addition of
fluorescent labels. Nevertheless, for commonly used fluorescent
microarrays, the number of active probes per unit area appears
comparable to the range used here.14

This is the first systematic study to examine the effects of
probe density on both the kinetics and absolute binding
efficiencies of a series of well-characterized, prefabricated
oligonucleotide targets of selected sequence and length. An
important feature of this work is that results are highly
reproducible so that the same probe surface is reused repeatedly.
Therefore, comparisons involving different target sequences can
be made without concerns about sample-to-sample variations
in surface heterogeneity or nonspecific binding. Careful analysis
of binding isotherms and kinetic data reveal that the behavior
of MM targets cannot be understood on the basis of simple
models of hybridization. This type of approach is needed to
gain insight into how interfacial hybridization may differ from
solution-phase duplex formation and provides valuable informa-
tion, often not obtained by other methods, important for many
different applications of immobilized DNA on solid supports.

Experimental Methods

Oligonucleotide Sequences.Table 1 identifies the oligonucleotides
used in these experiments. The HPLC purified oligonucleotide probe,
functionalized at the 5′ end with a thiol group connected by a
hexamethylene linker (HS-C6-ssDNA), was obtained from Integrated
DNA Technologies. The HPLC purified oligonucleotide targets were
obtained from Alpha DNA.

Immobilization Procedure. Scheme 1 shows the immobilization
strategy and probe-target binding schematic in which the same
immobilized probe sequence is used with five different targets; Scheme
2 depicts the probe densities used in this work. Probe films were
fabricated following the sequential immobilization procedures used
earlier.29 To achieve a final probe density of 3.0× 1012 probes/cm2,
the gold substrate was exposed to a 1µM solution of thiolated DNA
probe strand for∼120 min. The 1.5× 1012 probes/cm2 film was
produced by substrate exposure to 0.1µM thiolated probe solution for
∼30 min. After probe immobilization, DNA films were treated with
1mM mercaptohexanol (MCH) solution for 1-2 h. The mixed film
was then heated in water to at least 60°C before hybridization
experiments were performed. Prior to probe immobilization, the gold
substrate was cleaned with piranha solution [7:3 mixture of H2SO4 (EM
Science) and H2O2 (Mallinckrodt)].

As described previously,29 the SPR response was used to monitor
probe density during initial DNA thiol immobilization and to quantify
any losses in subsequent steps due to rinsing with buffer or DNA probe
displacement by MCH. Typically, DNA probe rinsing losses after the
initial immobilization are highly dependent on the film density and
can vary from∼0% for the highest density films to∼60% loss for
very low-density films.

Hybridization Procedure. For hybridization kinetics experiments,
the probe film was exposed to the hybridization buffer containing 1
µM target for at least 10 h in a static cell. A control experiment, using
a noncomplementary target solution (25 control), confirmed that
nonspecific binding was completely absent, in agreement with previous
observations for higher density probe films.32

For binding constant measurements in which a probe film was
exposed to a series of concentrations of the same target, experiments
were performed until steady-state hybridization was reached under flow
conditions (∼0.2 mL/sec for 7 mL total volume). Target concentrations
in the range 2-400 nM were used in addition to 1µM.

For hybridization equilibrium measurements in which films undergo
mild heating, the probe film was first exposed to the target hybridization
buffer for 10+ hours at room temperature. Equilibrium SPR measure-
ments were then taken. During mild heating, the target hybridization
buffer, still in contact with the probe film, was heated to 37°C and
cooled back to room temperature over a time period of 3+ h. SPR
measurements were then performed at room temperature.

Regeneration of Probe Films.For each probe density, repeated
measurements were performed on the same DNA film. Regeneration
of the single-stranded probe film after hybridization experiments was
achieved by denaturation of the surface duplex by rinsing with hot water
(>60 °C). Highly reproducible behavior is observed for probe films
generated on different gold substrates provided that the probe density
is identical.

Preparation of Solutions.All solutions were prepared with 18 MΩ/
cm purified water from a Barnstead E-pure system. For immobilization
of DNA thiols, solutions were prepared as 1µM 25 thiol (or 0.1µM
25 thiol for the lowest density probe surface) in 1M KH2PO4 (Sigma).
Mercaptohexanol (Aldrich) was prepared as a 1mM solution in water.
Hybridization solutions were prepared as 1µM target in 1M NaCl
containing TE buffer (10mM Tris buffer (pH 7.6) and 1mM EDTA)
(All Sigma-SigmaUltra Grade).

SPR Measurements. The two-color SPR apparatus setup and
procedure for analysis of measurements have been described previ-
ously28,33as have details of how quantitative measurements of coverage
are extracted from raw SPR reflectance data. Briefly, the SPR
reflectance data was analyzed by fitting the data to a multilayer Fresnel
model to extract the thickness and dielectric constant of the unknown
DNA layer. The resulting best-fit parameters were converted to coverage
of DNA (in molecules/cm2) as outlined previously.29,32 Hybridization
efficiency was calculated by dividing the hybridized target coverage
by the immobilized probe coverage. As in previous work, these
calculations assumed an equivalent SPR response per unit coverage
for single-stranded DNA oligonucleotides at the SPR surface regardless
of whether the DNA consisted of surface-immobilized probes or targets
undergoing surface hybridization. Good agreement has been re-
ported18,34,35between our SPR results and the results of radiolabeling,
fluorescence, and quantitative electrochemistry studies.

Consequences of Assuming an Isotropic Refractive Index for
DNA. It is well-known that the refractive index,n, or dielectric constant,
ε ) n2, of DNA is anisotropic due toπ electrons in the bases.36,37

However, our SPR analysis assumes the DNA layer to be homogeneous
or isotropic29,32 both for ssDNA, which has a very short persistence
length and therefore might be expected to show a homogeneous
response, and duplex DNA which, for the strand lengths used here, is
expected to be a rigid rod. Neutron reflectivity studies on oligonucleo-
tides of the same length show that duplex DNA films at similar coverage
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to our higher density film, are preferentially ordered toward the surface
normal;26 however, no information is available for the orientation of
DNA as a function of coverage, which may effect the duplex orientation.
Therefore, we might expect some error associated with assuming a
single isotropic refractive index in the analysis of data involving ssDNA
and dsDNA regardless of coverage. Of course, any refractive index
anisotropy would be mediated by surface roughness because the SPR
substrates consist of evaporated gold on glass, which are far from
atomically flat surfaces. Nevertheless, we examine the consequences
of assuming an isotropic refractive index on the coverage (number of
DNA molecules per unit area) and hybridization efficiencies reported.

In our analysis of SPR reflectance curves, in terms of a multilayer
Fresnel reflectivity model, we treat the DNA as a homogeneous layer
using values for the DNA component estimated or calculated as
described earlier.29,32 These are as follows: the isotropic dielectric
constant,εDNA ) 2.5, the refractive index increment,∆n/∆c ) 0.14
cm3/g, where c is the concentration of DNA, and the density,F ) 1.63
g/cm3. These values are in good agreement with data reported by
Lindsay and co-workers,38 ∆n/∆c ) 0.163 cm3/g andF ) 1.64 g/cm3.
However, in that study on wet-spun films of DNA, the authors report
an anisotropy of∆ε ) ε|| - ε⊥ ≈ 0.1, for the dielectric constant
perpendicular and parallel to the duplex helix axis.38

On the basis of this information, we can set an upper limit on the
error associated with the anisotropy in the optical properties of DNA.
If we considered two films containing the same number of DNA
molecules, one in which 100% of the molecules were oriented upright
and another where 100% were laying flat along the surface, the latter
film would show a larger SPR response (larger angle shift). However,
at the extremely low densities in this work (volume fraction of DNA
<10%) there would be, at most, an error of 12-15% in the deduced
coverage. Because the refractive index of ssDNA is likely to lie between
ε|| and ε⊥, we would expect even smaller errors in the hybridization
efficiency calculations. In this paper, we make no assumptions about
the orientation of DNA and use an isotropic refractive index. At the
low DNA coverages used here, the largest possible effect of anisotropy
in the refractive index of DNA is not significant relative to the noise;
therefore, the use of an isotropic refractive index in the calculation of
DNA coverage does not alter the conclusions of this paper.

Results and Discussion

Kinetics. For oligonucleotide strands of short lengths, a
commonly accepted model for duplex formation is that of
nucleation followed by helix zipping.39,40 In this picture,
mismatches near the middle of a strand are not expected to
change the rate of duplex formation, but rather would affect
the rate for the reverse process and, of course, the equilibrium
binding constantKA ) kon/koff. All else being equal, the position
of hybridization along the strand (distance from the surface) is
expected to affect the efficiency or rate of duplex formation if
nucleotides near the surface are less accessible as nucleation
sites, particularly under high probe density conditions. To
investigate the effects of mismatch and hybridization position,
we studied five different partially matched and mismatched
targets, and compared their hybridization behaviors at two
different probe densities (Figure 1).

We consider first only the perfectly matched target sequences
(25 PM, 18 high, 18 low). All of the results for these sequences,
including striking differences in kinetics and efficiency, can be
explained with a simple physical picture of interfacial hybridiza-

tion that incorporates steric hindrance at high probe density.
At the higher density studied here (3.0× 1012 probes/cm2), the
kinetics of hybridization for the perfect match (Figure 1C,9)
and 18 high (Figure 1A,+) targets are similarly slow, requiring
several hours to reach steady-state hybridization. Even after
many hours, saturation does not exceed∼50% overall efficiency.
In contrast, the 18 low target (Figure 1A,×), which must
hybridize closer to the surface, shows dramatically slower
kinetics, requiring over 14 h to reach the same efficiency.
Presumably, the target must penetrate further into the DNA film
before nucleation and zipping can occur since the seven distal
probe nucleotides are noncomplementary to this target.

When the probe density is reduced to 1.5× 1012 probes/
cm2, the results are dramatically different. First, the kinetics
become much more rapid, approaching Langmuir41 behavior.
Second, the hybridization efficiency reaches 100% within∼1
h. Finally, hybridization at the proximal end (required for 18
low targets) vs the distal end of the immobilized strand
(available to the 18 high and 25 PM) is now indistinguishable.
Turning now to mismatched sequences and comparing targets
with a fully complementary sequence (25 PM), a single base-
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remains constant for many hours. Careful fitting (not shown) at short times
(<1/2 h) indicates that a first-order Langmuir model cannot sufficiently
describe the kinetics.

Figure 1. Comparison of hybridization kinetics for five different target
strands onto probe films of two different surface densities. Hybridization
conditions are 1µM target concentration and high solution ionic strength
(1M NaCl). The top graphs, (A and B), show capture kinetics for 18 high
and 18 low targets; the bottom graphs, (C and D), show PM, 1MM, and
2MM targets. The probe density is 3.0× 1012 probes/cm2 (left, A and C)
and 1.5× 1012 probes/cm2 (right, B and D). At each probe density, all five
targets are hybridized repeatedly onto the same probe film. Nonspecific
binding is negligible for the 25-control target.
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pair mismatch (1MM), and a two base-pair mismatch (2MM),
we find that the capture efficiencies and kinetics of hybridization
are harder to understand considering only steric crowding. At
the higher density, 3.0× 1012 probes/cm2, introduction of even
one mismatch dramatically alters the kinetics of hybridization.
However, the behavior here is complex in that more than a single
process is evident and saturation is extremely slow, but
reproducible. Despite differences in kinetics, an overall hybrid-
ization efficiency of∼50% is eventually attained. This efficiency
is generally consistent with that seen for perfectly matched
targets, in that about 50% of the immobilized probe sites at
this density appear to be inaccessible because of steric crowding.
Kinetic differences in PM and MM target hybridization have
been previously reported by our laboratory21,30 and others.42,43

However, it is not clear how mismatches near the middle of
the strand have such strong effects on hybridization.

When the probe density is reduced to 1.5× 1012 probes/
cm2, the rates of target capture increase as expected. All three
kinetic isotherms appear more Langmuir-like;41 however, the
maximum hybridization efficiencies do not reach the expected
100% level except for the PM target. The others remain limited
to 70% for 1MM, and 50% for 2MM. Thus, even though 100%
of the probes are available for binding at this density, a smaller
percentage is achieved when mismatched targets are used.

Although there are few experiments involving immobilized
DNA to which comparisons can be made, recent work per-
formed at room temperature for DNA immobilized at cantilever
surfaces provides some information.43-45 Majumdar and co-
workers43 observe differences in cantilever deflection for both
terminal and internal mismatches. For short 10-mer sequences,
a reversal of cantilever deflection was observed only for
internally mismatched targets in contrast to positive deflection
for PM targets. Unhybridized mismatched regions or dangling
target ends most likely increase the surface configurational
entropy, causing the unexpected deflection. Although probe
density effects were not considered, these studies suggest the
existence of a hybridization barrier for internal mismatch
sequences, in general agreement with our observations of
reduced hybridization efficiency for mismatched targets.

In many studies involving immobilized probes of short length,
mismatch discrimination can be achieved by simply rinsing with
buffer, which leads to preferential loss of the less stable targets.
In this work, mismatch discrimination is observed in-situ at high
ionic strength (1 M) and high target concentration (1µM)
conditions that strongly favor duplex formation. Under these
conditions, others observe single nucleotide discrimination for
internal mismatches46 with relatively short oligonucleotides
(<15mer)14,16 but not with longer strands; for example no
discrimination is observed with 20-mer oligonucleotides.14 Given
the relatively small thermodynamic differences arising from 1
or 2 mismatches out of 25 base-pairs, we expect MM targets to
reach 100% hybridization efficiency at room temperature and

saturating solution concentrations. Clearly, this is not observed
and it appears that there is a barrier preventing the mismatched
targets from reaching higher binding efficiency.

Equilibrium Binding Isotherms at Low Probe Density.
Further understanding of hybridization interactions can be
elucidated from measurements of duplex thermodynamic stabil-
ity. This can be achieved by a number of methods including
in-situ melting, which has been reported for unlabeled oligo-
nucleotides at higher densities21,32and for fluorescently labeled
targets.14,47However, experimental and interpretational difficul-
ties can limit the utility of temperature dependent measurements.
Alternatively, equilibrium binding constants can be determined
from isotherms. In this section, we study binding isotherm data
obtained sequentially on the same probe film of density 1.5×
1012 probes/cm2.

For perfectly matched DNA, interpretation of binding iso-
therm data, Figure 2, on the basis of a simple Langmuir model,
leads to the reasonable conclusion that the 18-mer target duplex
is less stable than the 25-mer target duplex on the same
immobilized probe surface. The equilibrium constants,KA, are
found to be 6× 107 M-1 and 3× 107 M-1 for PM and 18
high, respectively.

Our SPR measurements, even at these very low probe
densities, are sensitive enough to detect differences in binding
energies between 18-mer and 25-mer targets. This appears as a
difference in the curvature in Figure 2. In contrast, we do not
observe this expected behavior for mismatched targets, which
also form duplexes that are thermodynamically less stable than
the PM hybrid; rather, the saturation level seems to decrease,
as in Figure 3.

A cursory analysis of the mismatched DNA binding isotherms
in Figure 3, using the Langmuir model, could lead to the
erroneous conclusion that there is no difference in the binding
constant for matched and mismatched duplexes. A more careful
analysis of the data, discussed further below, reveals that
application of the Langmuir model is not justified in the case

(42) Hook, F.; Ray, A.; Norden, B.; Kasemo, B.Langmuir 2001, 17, 8305-
8312.

(43) Hansen, K. M.; Ji, H. F.; Wu, G. H.; Datar, R.; Cote, R.; Majumdar, A.;
Thundat, T.Anal. Chem.2001, 73, 1567-1571.

(44) Fritz, J.; Baller, M. K.; Lang, H. P.; Rothuizen, H.; Vettiger, P.; Meyer,
E.; Guntherodt, H. J.; Gerber, C.; Gimzewski, J. K.Science2000, 288,
316-318.

(45) Wu, G. H.; Ji, H. F.; Hansen, K.; Thundat, T.; Datar, R.; Cote, R.; Hagan,
M. F.; Chakraborty, A. K.; Majumdar, A.Proc. Natl. Acad. Sci. U.S.A.
2001, 98, 1560-1564.

(46) Pease, A. C.; Solas, D.; Sullivan, E. J.; Cronin, M. T.; Holmes, C. P.; Fodor,
S. P. A.Proc. Natl. Acad. Sci. U.S.A.1994, 91, 5022-5026.

(47) Watterson, J. H.; Piunno, P. A. E.; Wust, C. C.; Krull, U. J.Langmuir
2000, 16, 4984-4992.

Figure 2. Equilibrium isotherms for hybridization of PM (9) and 18 high
(O) targets measured on the same probe film (1.5× 1012 probes/cm2). Steady
state hybridization efficiencies are measured sequentially on the same probe
film after the target coverage reaches saturation at the solution concentrations
shown. Langmuir fits (solid lines) to each equilibrium isotherm withΓmax

) 100%, yield binding constants, KA, equal to 6× 107 M-1 and 3× 107

M-1 for PM and 18 high, respectively. For both isotherms, data at 1µM
target concentration (not shown) is included in the fitting analysis. Error
bars reflect the averaged SPR signal over a 15 min period after equilibrium
is reached and are related to thermal noise.
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of mismatched DNA and that a model that includes hetero-
geneity (more than a single binding energy), such as the Sips
adsorption isotherm,48,49 is necessary. In fact, the Sips model
can be used to interpret the data in Figure 3, yielding binding
constants that decrease with increasing degree of mismatch.
These mismatched duplexes have reduced thermodynamic
stability compared to perfectly matched hybrids.21,30

To understand how erroneous conclusions can be drawn from
binding isotherm results, we must examine the models and the
fitting procedures in more detail. The equilibrium binding
constant for duplex formation,KA, is obtained from the best fit
to experimental binding isotherms. These are measurements of
the bound target coverage,Γtarget, for a series of solution
concentrations,c, at a fixed temperature on the same probe film.
In the ideal Langmuir model where all probe sites are energeti-
cally equivalent, independent and available for binding, the
measured saturation level for target binding should be equal to
the coverage of immobilized probe molecules,Γmax. In principle,
isotherms analyzed with a Langmuir model can then be fit with
a single fitting parameter,KA. In practice, however,Γmax is often
an additional fitting parameter or is arbitrarily set equal to
highest measured target coverage. In this study, we have an
independent measurement ofΓmax because we determine the
number of probe molecules immobilized

Note that the Sips model, eq 1, reduces to the well-known
Langmuir model in the limit wherea ) 1. The exponent,a, is
a parameter that represents a pseudo-Gaussian distribution of
binding energies of set width. Whena ) 1, the binding energy
has a single value and the equation describes a homogeneous

Langmuir adsorption; ifa * 1, the equation describes a
heterogeneous adsorption isotherm where the degree of hetero-
geneity (distribution of binding energies) increases as the value
of a decreases. Alternative heterogeneous isotherm models (such
as second-order Langmuir) may also fit the data in Figure 3.
However, the Sips model was selected because it is simple and
has physically meaningful parameters that may help in our
understanding of the nature of interactions present in mis-
matched DNA hybridization at surfaces.

Upon initial inspection of Figure 3, both the Langmuir model
(solid lines) and Sips model (dashed lines) appear to fit the data
equally well, given the error bars in the measurements. However,
the Langmuir model (solid lines), provides a reasonably good
fit only for a limited concentration range up to 400 nM, see
inset, andΓmax must be set to a different saturation value (100%,
70%, and 50% for PM, 1MM, and 2MM respectively) for each
target in order to fit the data. The binding constants,KA, derived
from the best-fit Langmuir isotherms have the same value,∼6
× 107 M-1, for all three targets, inconsistent with other
measurements of duplex thermodynamic stability. In contrast,
the Sips model can fit the data for all three targets over a broader
concentration range, up to 1µM target (dashed lines), with
physically reasonable parameters. The value ofΓmax is 100%
for all targets and the Sips fitting parameter,a, decreases from
1.00 to 0.50 to 0.38 as the degree of mismatch increases. The
corresponding values for the binding constants,KA, decrease
with increasing mismatch content as expected (6× 107 M-1, 1
× 107 M-1 and 2 × 106 M-1 for PM, 1MM, and 2MM
respectively). Although this trend in thermodynamic stability
is gratifying, our rejection of the Langmuir model did not
assume a prior knowledge of the relative binding stability for
mismatched DNA.

Although it is difficult to make direct comparisons with the
literature because of differences in attachment chemistry and
limited availability of probe density data, results from other
laboratories are in general agreement with our binding constant
values. Using SPR measurements, Corn and co-workers50 report
KA ) 1.8 × 107 M-1 for a perfectly matched 18-mer DNA
oligonucleotide duplex on a gold substrate, while Nielsen and
co-workers51 reportKA ) 4 × 107 M-1 for 15-mers attached to
a dextran matrix. In addition, differences in hybridization levels
have been observed for matched and mismatched targets. For
example, QCM measurements find no change in the extent of
hybridization when the PM target concentration varies from 500
nM to 2 µM but observe increasing binding for a MM target in
the same concentration range,42 in general agreement with our
results, Figure 3 inset.

In general, DNA surface equilibrium constants appear to be
depressed relative to solution, indicating a trend in the overall
de-stabilization of the oligonucleotide duplexes on the surface.
The stabilities of the studied surface immobilized probe-target
duplexes have the same relative ranking as the analogous
solution-phase duplexes, however, direct comparison of surface
and solution equilibrium binding constants remains difficult
because of large differences in DNA concentration and effective
ionic strength in these two environments.

(48) Sips, R.J. Chem. Phys.1948, 16, 490-495.
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M. Anal. Chem.2001, 73, 1-7.
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5072-5077.

Figure 3. Equilibrium isotherms for hybridization of PM, 1MM and 2MM
targets, measured on the same probe film, density) 1.5 × 1012 probes/
cm2, and comparison with adsorption models. Using the Langmuir model
(solid line), the binding constant is determined to be the same for all three
targets,KA ≈ 6 × 107 M-1, whereas for the Sips model (dashed line),KA

) 6 × 107 M-1, 1 × 107 M-1 and 2× 106 M-1 for PM, 1MM, and 2MM,
respectively. The inset shows the best-fit Langmuir and Sips isotherms over
a 10-fold wider concentration range (up to 5µM). Error bars are calculated
as in Figure 2.
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Effect of Mild Heating. Despite the sensible trends in
thermodynamic stability observed in the binding constant,
maximum saturation coverage was not obtained for the mis-
matched targets at room temperature. To determine whether this
behavior is most likely caused by an energetic barrier, we further
investigated the temperature dependence of equilibrium hybrid-
ization.

The hybridization equilibrium efficiencies for the PM, 1MM,
and 2MM targets were examined after mild heating and
compared with room-temperature results, Figure 4. In both cases,
the hybridization equilibrium efficiencies were measured after
long probe-target exposure times and under the experimental
conditions of 1µM target concentration and low density (1.5
× 1012 probes/cm2). All saturation measurements were made
at room temperature for convenient comparison of hybridization
efficiencies. Note that, as with all experiments discussed in this
paper, the probe films were heated to∼60 °C prior to
performing the first hybridization.

When duplex films, prepared previously at room temperature,
were heated mildly in the hybridization buffer to 37°C and
cooled to room temperature, the equilibrium hybridization
efficiencies for the mismatched targets reached nearly 100%,
indicating that a different equilibrium was achieved. Thus, mild
heating appears to overcome whatever energetic barrier may
have prevented the mismatched targets from reaching the
expected equilibrium steady state levels at room temperature.
The literature for solution-phase DNA oligonucleotide duplex
formation suggests that the pre-nucleation state is greatly
affected by temperature, although no specific details for
mismatched DNA strands are available.13 At this time, it is not
clear whether mild heating overcomes a nucleation barrier or

facilitates another part of the hybridization process such as
zippering, base stacking, or structural reorientation.

For 18-mer targets, 100% hybridization is observed at room
temperature under saturating conditions, whereas 1 MM targets
do not reach this level despite similar thermodynamic stabili-
ty. Therefore, thermodynamic arguments cannot explain the
lower than expected hybridization efficiency for mismatched
targets under saturating conditions. Rather, there is an energetic
barrier that can be overcome by mild heating, which is likely
related to the structure of the mismatch targets and may depend
on probe density.

Conclusion

We have investigated the effects of probe density on
hybridization efficiency and kinetics for partially matched and
mismatched targets. We have seen that at sufficiently low probe
density, previously observed differences in the kinetics of
hybridization for PM matched targets disappear. That is, at low
probe density, PM targets (25 PM, 18 high, 18 low) show fast
kinetics, 100% hybridization for saturating target concentrations
at room temperature and exhibit binding isotherms that can be
described with a simple Langmuir model. For the mismatched
targets, the differences in the kinetics of hybridization also
disappear at the lowest probe density, however, hybridization
efficiencies do not reach expected 100% levels at room
temperature and the binding isotherms are best described by a
heterogeneous model, like the Sips model.

Not surprisingly, the Langmuir isotherm model, which
assumes a single binding energy, could not adequately describe
some of our data. A more complex heterogeneous model that
allows for a distribution of binding energies was needed.
Moreover, we could not simply equate the saturation coverage
with the number of available binding sites, a common assump-
tion in the analysis of binding isotherm data. Ubiquitous
applications of the Langmuir model to complex binding events
at interfaces and assumptions in the fitting analysis may, in some
cases, call into question the reliability of binding constants
determined by various techniques including SPR and fluores-
cence studies.

A single or double internal mismatch in a 25-nucleotide strand
can dramatically alter the hybridization process, contrary to
predictions of standard models of duplex formation. Our results
suggest that a barrier exists for hybridization of mismatched
targets, which is overcome by mild thermal heating. This barrier
may arise from the complex structure of mismatched oligo-
nucleotides or from unknown orientational or structural changes
of the DNA at low probe density.
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Figure 4. Comparison of the hybridization equilibrium efficiencies for PM,
1MM, 2MM with and without mild heating. The first sets of measurements,
left, are done entirely under room-temperature hybridization conditions (∼20
oC). The second sets of measurements, right, are taken at room temperature
after heating to 37oC in hybridization buffer for several hours.
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