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Biosensor arrays of immobilized single-stranded DNA (ss-

DNA) have the potential for quickly sequencing and assaying
DNA samples by selective hybridization.1,2 Applications of this
technology include the sequencing of the entire human genome
(The Human Genome Project) and the diagnosis of genetic
disease. An immobilized oligonucleotide array contains ss-DNA
(probe) molecules with known sequences that are tethered to
an interface.3 When the interface is exposed to a liquid sample
containing the target, a ss-DNA molecule of unknown sequence,
only those target molecules with sequence complementary to
that the tethered ss-DNA probe will hybridize at the array
surface. Ideally the biochemically active interface can be
regenerated through either chemical or thermally induced
dehybridization of the double helix. Optimal performance of
this biochemically active interface is achieved by maximizing
the number of active hybridization sites (tethered ss-DNA
molecules) per unit area while minimizing the number of
nonspecifically adsorbed target molecules.
In situ detection of hybridization can be through changes in

mass,4 changes in the optical properties,5 or changes in the
electrochemical properties6 of the interface. Many of these
methods require prior labeling of the DNA target or probe with
special isotopes, fluorescence markers, or redox-active tags.
Surface plasmon resonance (SPR) spectroscopy is known to be
sensitive to the presence of unlabeled DNA at an interface.7

We report here the first quantitativein situSPR study of the
hybridization and dehybridization of a tethered unlabeled DNA
film on a passivated gold surface. For the passivated gold
surfaces used in these studies, no nonspecific adsorption of ss-
DNA is observed, whereas a bare or partially covered gold
surface will readily adsorb ss-DNA. For these studies, we use
a novel two-color SPR method8 that allows us to quantify the
number of ss-DNA molecules per unit area for tethered DNA
films. These two-component films containing a thiol-derivatized

ss-DNA molecule and a diluent thiol, mercaptohexanol
(HS(CH2CH2)3OH), were prepared using molecular self-as-
sembly techniques developed by Herne and Tarlov.9 In these
films, the 25 base oligomer is tethered to the gold surface via
an alkanethiol covalently linked at the 5′ position of the ss-
DNA. The mercaptohexanol serves to prevent nonspecific
adsorption of ss-DNA. Usingin situ SPR, we monitored the
kinetics of hybridization for these films, determined the total
number and percentage of active binding sites, and measured
the hybridization activity of the film through five hybridization-
dehybridization (melting) cycles.
SPR spectroscopy is an all-optical technique that is sensitive

to changes in the dielectric constant at a metal surface.10 In
general, the SPR spectrum can be fit to an optical model that
accounts for the thickness and complex dielectric constants of
all materials at the interface; however, the thickness and
dielectric constant for films<200 Å cannot be determined
uniquely from a single SPR measurement.11 As reported
previously, we have developed a novel two-color SPR meth-
odology that allows us to uniquely determine the thickness and
dielectric constant of a transparent dielectric film.8

The two-color SPR apparatus and the procedures used for
the measurements presented here have been described previ-
ously.8,11 All water used was Nanopure12 (18 MΩ cm). Tris12

buffer and disodium ethylenediaminetetraacetic acid (EDTA)
were used as received from Sigma, and NaCl and KH2PO4 were
obtained from Fisher. The mercaptohexanol was kindly pro-
vided by Prof. Cary Miller (U. Maryland). The thiol-derivatized
DNA (KMG2),13 the underivatized DNA, and the underivatized
complement (KMG2C) were obtained from Dr. Keith Mc-
Kenney (The Institute for Genomic Research, Rockville, MD).
Detailed SPR measurements of the film fabrication process will
be presented elsewhere.14

In order to determine the amount of tethered DNA on the
surface, we used two-color SPR to measure both the dielectric
constant and thickness of the tethered single-component ss-DNA
film (Figure 1). The measured film thickness in the 1.0 M KH2-
PO4, 176 Å, corresponds to the maximum possible length of a
25 base ss-DNA segment (∼166 Å) plus the length of the 6
carbon alkanethiol anchor (∼10 Å). This estimated maximum
length of the ss-DNA is based on 83 Å for the length of the
corresponding hybridized DNA.15 Accounting for the contribu-
tion from the buffer solution, we determine that the DNA
contributes∆n) 0.009 to the refractive index of the DNA layer.
Using the relationship between refractive index and concentra-
tion ∆n/∆c ) 0.14 cm3/g,16 there are 0.064 g/cm3 in the DNA
layer, or 112 ng/cm2 ) 9.0× 1012 ss-DNA molecules/cm2. For
the two-component tethered DNA mercaptohexanol film, the
final coverage of ss-DNA was determined to be (5.2( 0.8)×
1012 molecules/cm2 (70-100 fmol/mm2).
To check for nonspecific binding, the freshly made two-

component monolayer film was first exposed to a 0.5µM
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solution of nonthiolated KMG2 in 1.0 M NaCl solution with
10 mM Tris and 1 mM EDTA (Tris EDTA or TE buffer, pH
8.2) at 22-24 °C. KMG2 has the same sequence as the surface
bound probe and is therefore noncomplementary (i.e., it will
not hybridize with the surface-confined DNA). No change in
the SPR spectrum was observed indicating that no nonspecific
binding occurs. Next, the film was exposed to a 0.5µM solution
of the complement, KMG2C, in 1.0 M NaCl with TE (pH 8.2).
The resulting change in the interface due to hybridization was
monitored with a series of SPR spectra. The coverage was
calculated assuming that the SPR response per unit coverage
of the complement corresponds to the same SPR response per
unit coverage of the tethered DNA. (The mass difference
between the tethered DNA and DNA complement is only 1.6%.)
The results, shown in Figure 2, demonstrate that the surface-
bound DNA hybridizes over a period of several hours and that
the maximum amount of DNA undergoing hybridization is about
2.2× 1012molecules/cm2. This corresponds to a hybridization
efficiency (number of hybridized DNA molecules/number of
tethered ss-DNA molecules) of 36-50% for the first hybridiza-
tion cycle. The hybridization kinetics are described well by a
diffusion-limited Langmuir adsorption model. From the rate
constant, surface coverage, and solution concentration, we
calculate11 a diffusion constant of 8× 10-8 cm2/s for the DNA
complement.
The hybridized film was dehybridized or melted by exposing

the film to heated TE buffer solutions (pH 8.2) containing
varying amounts of NaCl. We dehybridized and rehybridized
the DNA film five times, each time testing for nonspecific
binding of the noncomplementary DNA, and each time observ-
ing only hybridization with the complementary DNA. After
the first dehybridization, the amount of DNA hybridizing on

the surface was measured to be 3.7× 1012molecules/cm2 (60-
80% hybridization). This increase in the hybridization efficiency
with no measurable loss of selectivity indicates that heating the
mixed film may induce reorganization resulting in an increase
in the number of tethered DNA which are available for
hybridization. The hybridization kinetics for all five cycles were
observed to follow the same diffusion limited Langmuir kinetics
model, and the rate constants varied by at most 16%.
SPR spectra were collected during the heating (dehybridiza-

tion) and cooling process, and the relative mass per unit area
was calculated from the SPR spectra, as shown in Figure 3.
Note that the data show more scatter than those for the
isothermal experiments. This is most likely due to thermal
gradients in the SPR apparatus, which will be eliminated in a
forthcoming apparatus. Figure 3 shows the clear difference
between dehybridization in a 1.0 M NaCl solution and in a
buffer solution with no added NaCl. The inset in Figure 3 shows
the melting temperature,Tm, determined from the dehybridiza-
tion or melting experiments as a function of [Na+]. The
calculated values ofTm for untethered KMG2 DNA are shown
for comparison. Note that both curves have a similar logarith-
mic dependence and thatTm for the tethered DNA is∼5° C
below that of the untethered DNA.
Using two-color SPR spectroscopy, we have quantified the

amount of DNA tethered to a surface and have followed both
the kinetics of hybridization and the process of thermally
induced dehybridization for the tethered DNA film. The
hybridization activity of this film (70-100 fmol/mm2) compares
favorably to the highest hybridization efficiencies found in other
DNA films.3 The hybridization process is described well by a
diffusion limited Langmuir adsorption model, and the sodium
ion concentration dependence of the dehybridization or melting
process follows the same trend as the analogous ss-DNA
molecule in solution (untethered DNA). In subsequent papers,
we will describe details of the film fabrication process studied
throughin situmeasurements of functionalized alkanethiol self
assembly.
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Figure 1. Determining thickness and dielectric constants for a single-
component thiol-tethered DNA film from two-color SPR. Shown are
the trial film thickness versus trial film dielectric constant,ε, curves
calculated from SPR spectra of DNA tethered to a gold surface in 1.0
M KH2PO4 (buffer, estimated pH) 3.6). The trial curves represent all
possible combinations of thicknesses and dielectric constants that
equally well describe the SPR spectra. Accounting for the dispersion
in the tethered DNA layer, the two curves cross at the true thickness
and dielectric constant (at 632.8 nm). In 1.0 M KH2PO4, the film
thickness is 176 Å (ε ) 1.833). From a similar experiment in water,
the film thickness is 21 Å (ε) 1.945). At 632.8 nm the film thicknesses
are 1.809 and 1.773 for 1.0 M KH2PO4 and water, respectively.

Figure 2. Hybridization kinetics of a tethered DNA mercaptohexanol
film. Shown is the coverage vs time for DNA tethered to a gold surface
after exposure to a 0.50µM solution of the complementary DNA
fragment in 1.0 M NaCl and TE buffer (see text, pH 8.2). The coverages
(O) were calculated from SPR spectra. The kinetics are described well
by a diffusion-limited Langmuir adsorption model (s).

Figure 3. Dependence of dehybridization temperature on ionic strength.
Shown is the mass per unit area as a function of solution temperature
for hybridized DNA tethered to a gold surface in 1.0 M NaCl with TE
buffer (open circles) and in TE buffer with no added NaCl (open
triangles). Each point is calculated from a single SPR spectrum. The
solid lines are polynomial fits to the data. The inset showsTm
determined from the SPR data (filled squares) as a function of [Na+].
The [Na+] dependence for the analogous untethered DNA (filled
diamonds), calculated17 usingTm (°C) ) 81.5+ 16.6 log10[Na+] +
0.41 (%GC)- (675/l), is shown for comparison.
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