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Abstract: We report a quantitative study of the kinetics of formation for a two-component tethered ssDNA
monolayer film usingin situ two-color surface plasmon resonance (SPR) spectroscopy. The attachment of the
DNA to gold is facilitated by functionalization at the 5′ end with a thiol group connected by a hexamethylene
linker (HS-C6-ssDNA). Detailed data analysis is performed by quantitative comparison of the DNA coverage
versus time kinetic data obtained from SPRS with numerical solutions for the differential equations for
simultaneous adsorption, desorption, and diffusion at the interface. The kinetics of adsorption of HS-C6-ssDNA
onto bare gold as well as the kinetics of loss of HS-C6-ssDNA from the surface during subsequent treatment
with mercaptohexanol can be understood in terms of a simple physical model and self-consistent parameters.
The kinetics of HS-C6-ssDNA adsorption on bare gold are compared to the kinetics of hybridization of surface-
attached thiolated ssDNA with the fully complementary ssDNA in free solution and found to follow remarkably
similar kinetic pathways. In contrast, the adsorption of ssDNA follows complex kinetics that cannot be modeled
with a single kinetic step. That is, the presence of a thiol functionality on a 25-mer ssDNA gives rise to
adsorption behavior that is clearly kinetically distinct from simple ssDNA adsorption on gold.

1. Introduction

The interaction between DNA-functionalized surfaces and
free oligonucleotides in solution is the key to a wide range of
new genetic diagnostic devices.1 These devices, which rely on
the binding of analyte nucleic acids to surface-tethered DNA
strands, show great promise in a range of medical, pharmaceuti-
cal, and forensic applications.2 However, the nature of the
interactions between probe and target remains only partially
characterized as there have been few systematic studies.1 For
example, dramatic differences in duplex yield are not due to
differences in overall stability of duplexes but rather due to
different rates of forward reaction.

Optical surface plasmon resonance spectroscopy (SPRS) is
a powerful tool forin situ real-time characterization of solid/
liquid interfaces. In the past decade, SPRS has found increas-
ingly widespread use for the study of interactions of biological
molecules in so-called optical biosensors.3 The power of the
optical biosensor experimental approach, in which one of the
interacting molecules (the analyte) is free in solution and the
other (the ligand) is attached to the biosensor surface, is that
the formation and decomposition of the analyte/ligand complex
is monitored in situ, yielding kinetic data in real-time. The
assembly or binding process can be monitored without the need
to label the reactants with spectroscopic or radioactive probes,
making this technique an ideal noninvasive in situ method
amenable to a wide range of biologically relevant molecules
including nucleic acids, proteins, lipids, and carbohydrates.

In principle, the availability of real-time SPRS kinetic data
provides the possibility of determining the mechanism of the
chemical and/or physical binding event and, using the law of

mass action, equilibrium constants for surface reactions. The
major obstacle to obtaining accurate and reliable kinetic and
thermodynamic information from analysis of kinetic data is the
need for very high quality experimental data. Reliable measure-
ments of surface coverage must be available over a wide range
of time scales and solution conditions. Moreover, if simple
physical models are to be used to describe the data, it is critical
that all experimental artifacts be minimized and accounted for.

In practice, the ultimate promise of optical biosensor technol-
ogy to provide molecular level information regarding bimo-
lecular and biomaterial processes remains elusive. While the
development of a number of commercial SPRS instruments has
led to an exponential growth of SPR-related publications, kinetic
analysis approaches used in many studies have contained
fundamental flaws in the equations and assumptions,4,5 a
problem exacerbated by the fact that derived results in many
cases seemed of the right order when compared with traditional
measurements which have very wide margins of error.6 In
addition, a number of experimental artifacts can complicate
interpretation of kinetic data, including nonspecific binding,
mass transport, matrix effects associated with heterogeneity, and
nonideality in the biosensor interaction region which is often a
thick polymer matrix (∼1000 Å).7 An alternative approach, and
the one used here, is to use self-assembled monolayer films
directly on gold SPRS sensor surface.8-10 For this case, signal
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levels are generally significantly reduced due to fewer molecules
in the interfacial region.

In this paper we have focused on a system involving self-
assembled monolayer films on gold surfaces for which the planar
geometry of the interface and relatively simple film structure
provides a model interface that is tractable to analysis using
simple physical models. In addition, the optical measurements
are obtained using a two-color SPRS optical technique8 that
provides highly sensitive, quantitative measurements of surface
coverage9,10 even for submonolayer films. The kinetic data are
of high quality and can be used to test various proposed kinetic
models. In addition to studying both adsorption and desorption
steps involved in the process of forming two-component
monolayer nucleic acid films via self-assembly, we also examine
the kinetics of hybridization when these films are exposed to a
nucleic acid of complementary sequence.

In this work, the tailored interfaces are fabricated using
molecular self-assembly techniques11 to covalently tether al-
kanethiol derivatives of single-stranded DNA oligomers to a
gold substrate. The resulting nucleic acid monolayer films have
controlled film composition which resists nonspecific binding
and maintains a low surface density of ligands.10 We have shown
previously10 that exposure of these nucleic acid films to a
complementary strand of ssDNA leads to highly efficient
reversible hybridization as characterized byin situ SPRS
temperature dependent melting studies with no measurable
nonspecific binding. These are important attributes of model
biosensor surfaces where, to maintain biochemical function, the
optimum mole fraction of the biochemical active molecule in
the monolayer film may be quite small. Experiments on model
interfaces with such very low surface densities require highly
sensitive probes and special attention to the issue of nonspecific
adsorption.

Despite the wide-spread use of self-assembly methodologies
for fabrication of tailored organic thin films,12 a detailed
understanding of the process by which these films form is still
lacking. This knowledge is particularly important for research
and applications of mixed multicomponent monolayer films in
which the composition of the film determines the physical and
chemical properties of the interface. For much of the work on
mixed monolayer films, researchers have relied on thermody-
namic constraints to control the film composition. However,
the final composition of the monolayer film may or may not be
similar to the mole fraction of the component molecules in the
solution to which the surface is exposed. When the adsorption
rates of the component molecules are vastly different, as with
large differences in molecular size or with dissimilar surface
chemical reaction rates, kinetic constraints will ultimately control
film composition so that the solution concentration and other
parameters must be tuned for the desired results. Another general
approach, and the method used in this work, is to control the
film composition by exposing the metal surface for appropriate
times to a sequence of solutions with appropriate concentrations.
Here again, knowledge of kinetics is needed to deduce ap-
propriate conditions. In either case, issues of segregation and
islanding cannot be addressed directly with optical probes; these
await the development of nonintrusive nanoscale measurements
amenable to real-time kinetic studies. To date, scanning probe

methods have begun to address these issues, although with
limited success with respect to high-quality kinetic data.13

In this paper, we focus mainly on detailed measurements of
the sequential kinetic steps that lead to formation of a two-
component film which consists of a functionalized 25-mer
ssDNA with pendant (CH2)6SH at the 5′ position and a diluent
mercaptohexanol. The two-color SPRS kinetic data presented
here are of sufficient quality that it is possible to unambiguously
test detailed kinetic models. We find that, for a diverse range
of surface processes, the kinetics cannot be understood without
assuming dynamic equilibrium, which includes adsorption to
the surface, desorption from the surface, and diffusion at the
interface.

2. Materials and Methods

The two-color SPRS apparatus used for measurements presented here
has been described previously.8,10 Surface plasmon resonance spec-
troscopy is an all-optical technique that is sensitive to changes in the
dielectric constant at a metal surface for certain metals such as gold.
In an attenuated total reflectance (ATR) SPRS experiment, p-polarized
monochromatic light is reflected from a glass prism-metal interface,
and the reflectivity of the light is measured as a function of incident
angle. At an optimal coupling angle, the evanescent field of the light
couples to a plasmon mode that propagates along the metal surface,
and a minimum in reflected intensity is observed. For a given frequency
of light, the wave vector of the plasmon depends strongly on the
dielectric constants of all materials at the interface.14 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;9 however, the thickness and dielectric constant for films<200
Å cannot be determined uniquely from a single SPRS measurement.15

As reported previously, two-color SPRS allows unique determination
of both the thickness and dielectric constant of a transparent dielectric
film.8

For these experiments, the p-polarized output from two He-Ne lasers
was used (632.8 and 543.5 nm). The prism material was SF-14 (n )
1.76), and all other components of the liquid cell were either glass,
PTFE, or Kalrez. The cell temperature was monitored continuously
using a PTFE-lined Chromel-Alumel thermocouple built into the sample
cell. The gold substrate was prepared by evaporation of 99.999% purity
gold directly onto a hemicylindrical prism which had been previously
prepared by exposing the flat face of the prism to a hot (50-70 °C)
30% H2O2/70% H2SO4 (piranha) solution, rinsing with Nanopure water,
drying with nitrogen, and baking overnight in a 120°C oven. The film
was deposited by first evaporating a 12 Å layer of Cr at 1 Å/s, followed
by evaporating a∼500 Å layer of gold at 1.5-2 Å/s. The prism was
then sealed with a Kalrez O-ring to a PTFE cell on the surface plasmon
resonance (SPR) apparatus. The prism remained sealed to the cell for
all experiments, with the lasers focused onto the same spot. Once sealed
to the cell, the gold surface was prepared by exposure to room
temperature piranha solution for 10 min followed by rinsing with
copious quantities of Nanopure water and ethanol. (CAUTION: Piranha
solution can reactViolently with organic material, and should be
handled with extreme caution. Piranha solution should not be stored
in tightly sealed containers.) All water used was Nanopure (18 MΩ/
cm). KH2PO4 was obtained from Fisher. The mercaptohexanol was
kindly provided by Prof. Cary Miller (University of Maryland). The
thiol derivatized ssDNA (HS-C6-ssDNA), underivatized ssDNA, and
the underivatized complement (ssDNA complement) were provided by
Dr. M. J. Tarlov and co-workers (NIST). The sequence was R-CAC
GAC GTT GTA AAA CGA CGG CCA G, where R) HS-(CH2)6 at
the 5′ end. The complementary sequence was GTG CTG CAA CAT
TTT GCT GCC GGT C.

The ssDNA tethered films were formedin situon the gold substrate
by first exposing the gold surface to a 1 mMsolution of the HS-C6-
ssDNA in 1.0 M KH2PO4 for about 5 h. After exposure, the cell was
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rinsed with copious quantities of Nanopure water and then exposed to
a 1 mM solution of mercaptohexanol in Nanopure water for about 12
h. The cell was then rinsed with copious quantities of Nanopure water.
Hybridization measurements were made using this tethered ssDNA film
as described earlier.10 The ssDNA adsorption on bare gold was measured
using a clean, piranha-treated gold substrate.

3. Data Analysis

1. Extraction of Surface Coverage Information from
Optical SPRS Measurements.Figure 1 shows a typical SPRS
reflectance curve consisting of angle of incidence modulated
data obtained at a fixed excitation wavelength. As shown by
Raether14 and others,16-18 SPR spectra can be fit with an optical
model that accounts for the thickness,df, and dielectric constant,
εf, of an adsorbed thin film. Typically, the calculated reflectivity
function uses Fresnel equations for a four-layer model (prism/
metal/film/liquid) to extract the values of the two unknown thin-
film parameters (df and εf) assuming that the thicknesses and
complex dielectric constants of the prism, metal, and other
materials near or in contact with the metal surface are known
or can be obtained from control experiments. Figure 1 gives
the parameter values used in the optical layer model to calculate
the reflectance spectrum shown.

For very thin films<200 Å, any number of combinations of
df and εf may be found to fit a single reflectance curve.
Consequently, thin-film thicknesses,df, determined in this way
from a single wavelength measurement will have high uncer-
tainty without independent a priori knowledge ofεf.8,15,19Most
researchers resort to assuming a fixed value for the film
dielectric constant based on the chemical properties of the neat
film material. This method can provide relative thickness

information from SPR spectra, but cannot provide quantitative
surface coverage.

We and others have shown that unambiguous determination
of the two unknown optical constants, the thickness,df, and
dielectric constant,εf, for the unknown adsorbed film, can be
achieved with either a two-color approach8 or a multi-solvent
approach.9,20 The two-color method is more appropriate for
measurements at solid/liquid interface as the processes of interest
are likely to be solvent dependent. The methodology for two-
color analysis has been shown both experimentally and theoreti-
cally.8 Briefly, the analysis considers all possible combinations
of df and εf that equally well describethe complete SPRS
reflectance curve at a given excitation frequency. Each set of
parameters defines a nonunique “best-fit” to the reflectance data.
Sets of these best-fit parameters are compared for two different
excitation wavelengths, and after accounting for the dispersion
in all layers, a unique set of parameters fordf andεf is found,
Figure 2. These unique parameters self-consistently fit both
complete SPR reflectance spectra obtained at both excitation
wavelengths.

In this paper, SPRS optical data were analyzed as described
previously9 using nonlinear least-squares fitting to a multilayer
Fresnel optical model. The analysis was performed using the
Optimization Toolbox in MATLAB and adapted Fortran code
originally supplied by Swalen (IBM). For the analysis, the
optical constants for the prism and water were obtain from the
literature while the dielectric constants for other solutions were
obtained by measuring the critical angle in the appropriate
solution using the SPRS apparatus.21 All liquid dielectric
constants were temperature corrected (values for dn/dT obtained
from the literature or calculated from critical angle measure-
ments). The average dielectric constants (at each wavelength)
and average thickness for the gold and chromium layer were
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Figure 1. At the top is shown a schematic of the experimental geometry
and a list of parameters in the optical layer model of the interface used
for analysis of SPR spectroscopy reflectance data in water. At the
bottom are shown raw reflectivity data for 632.8 nm excitation for bare
gold (open circles) and for gold modified by self-assembly of a
monolayer film of thiol derivitized ssDNA (closed circles). Also shown
are the best fits to the data (solid and dashed lines) obtained from the
optical parameters; see text for details.

Figure 2. Illustration of the two-color SPR approach for determining
thickness and dielectric constant for a thin film. We consider nonlinear
least-squares fitting analysis of two different SPR reflectance curves
obtained under identical experimental conditions except for excitation
wavelength. The solid line shows all pairs of nonunique optical
constants (df, εf) which equally well describe the SPR reflectance curve
obtained at excitation wavelengthλ1; the dashed line shows all pairs
of constants (df, εf) which equally well describe the SPR reflectance
curve obtained at excitation wavelengthλ2. The unique thickness and
dielectric constant of the film consistent with both data sets, shown
graphically as the intersection point{df, εf(λ1)}, is found after accounting
for the known dispersion of the thin film layer depicted here as the
leftward shift of the trial curve forλ2 (dotted line).
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calculated by optimizing the multilayer model parameters to
fit the measured SPR spectra of piranha-cleaned gold in contact
with water. The calculated gold layer thickness, which was
within 8% of value measured by quartz crystal microbalance,
was checked by optimizing the chromium and gold dielectric
constants for a series of given gold thicknesses to fit the 543.5
nm spectra. Comparisons of the residuals, assuming a maximum
optical signal error of 0.5% and a maximum position error of
0.001° for each measured reflectivity in the SPR spectrum,
shows that the largest possible error in the average gold
thickness determined by SPRS was∼2 Å. Details on the
analysis procedure for determining surface coverage from
dielectric constant data have been reported previously and are
outlined in the next section. The signal to noise for our apparatus
gives a maximum error in detecting ssDNA or HS-C6-ssDNA
of 0.7 ng/cm2 (∼1 fmol/mm2, 0.5 × 1011 molecules/ cm2).

2. Analysis of SPRS Kinetic Data.Figure 3 shows charac-
teristic curves (coverage vs time) for several different models
representing adsorption and desorption kinetics at solid/liquid
interfaces. In theory, each of these models yields a characteristic
unique adsorption/desorption isotherm; however, in practice, it
can be difficult to test various kinetic models and to extract
reliable kinetic parameters. High-quality data are needed over
a wide range of surface coverage and time scale. Despite the
emergence of a number of powerful surface analytical tech-
niques, quantitation of absolute surface coverage at solid/solution
interfaces remains a challenge.

We compared our adsorption and hybridization kinetic data
with several existing kinetics models for adsorption isotherms,
including

In addition, we developed a model that accounts for the three
main physical processes at work at the solid/solution interface:
mass transport through the solution, flux-dependent adsorption,
and coverage-dependent desorption. Our adsorption/desorption/
diffusion (ADD) model is described by coupled differential
equations (eqs 5 and 6) using Fick’s laws for mass transport of
the adsorbate molecules in solution and a Langmuir adsorption/
desorption model with a time-dependent flux:

Here, Γ(t) is the time-dependent surface coverage for the
adsorbed molecules (molecules/cm2), Γmax is the maximum
possible coverage,c is concentration in solution (for these
experiments∼1 × 10-5 g/cm3 for HS-C6-ssDNA), x is the
distance from the flat surface,J(t) is the time-dependent flux
of (adsorbate) molecules into the surface,D is the diffusion
constant for these molecules in solution, andk is the first-order
desorption rate constant.

Kinetic modeling was implemented with custom-written C
code. For our kinetic analyses, the procedure begins with the
selection of a set of input parameters for the calculation. The
coverage versus time curve is then calculated by solving the
ADD model equations numerically, using a custom written C
code. The calculated curve is compared to the experimental data
and the process is repeated until a set of parameters is found
which successfully describe the observed change in coverage
as a function of time. The calculated coverage curve is
constrained to match the measured coverage quantitatively over
the time scale of the adsorption process while keeping the bulk
solution concentration fixed at the experimental value.

The interdependence of the physical processes represented
in the ADD model places extremely stringent constraints on
the range of parameters, which can reasonably model a particular
coverage vs time curve. More importantly, the resulting
parameters can be interpreted directly in terms of physical
processes at the interface, unlike the results from empirical fits.

4. Results

1. Overview: Formation and Characterization Nucleic
Acid Monolayer Films. Surface plasmon resonance spectros-
copy was used to follow the formation of the two-component
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Figure 3. Illustration of typical coverage versus time curves for various
selected models representing kinetic behavior for adsorption and
desorption at the solid/liquid interface.
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film. The drawing in Figure 4 graphically illustrates the three
steps for film formation: (A) adsorption of HS-C6-ssDNA; (B)
rinsing with water; and (C) coadsorption of mercaptohexanol
with displacement of HS-C6-ssDNA. The drawing in part D
illustrates the process of hybridization of the tethered ssDNA
film with the ssDNA complement.10 Analysis of SPRS spectra
collected during film formation, presented in Figure 5 as the
relative mass of adsorbate molecules per unit area, confirms
the basic steps involved in film formation. In step A, the mass/
area increases, corresponding to adsorption of HS-C6-ssDNA.
In step B, the film is rinsed, and a 16% reduction in the total

mass/area corresponds to loss of 16% of the HS-C6-ssDNA. In
step C, a rapid increase in mass/area corresponds to adsorption
of mercaptohexanol. The slow decrease in mass/area corresponds
to loss of previously adsorbed HS-C6-ssDNA due to displace-
ment.

Initial SPRS characterization of the surface hybridization
process, step D, has been presented previously.10 The importance
of these studies is that they indicate that tethered ssDNA
hybridizes with high efficiency with its complementary (un-
functionalized) ssDNA sequence. Furthermore, gold surfaces
modified with a two-component thiol-ssDNA and mercapto-
hexanol film, illustrated in Figure 4D, appear to be resistant to
nonspecific adsorption of ssDNA.

In subsequent sections, a detailed analysis of the two-color
SPRS data is presented to quantify coverage and model kinetics
for HS-C6-ssDNA adsorption, mercaptohexanol mediated de-
sorption of HS-C6-ssDNA, and hybridization of surface-bound
ssDNA stands to a fully complementary ssDNA, Figures 6, 7,
and 8, respectively.

2. Quantitative Coverage by Two-Color SPRS:HS-C6-
ssDNA Adsorption.Procedures for determining surface cover-
age from refractive index data and the general application of
the Clausius-Mossotti equation have been described in detail
elsewhere.8,9 Specific details for the DNA films used in the
studies have been presented elsewhere.10 The coverage of
tethered ssDNA in the two-component film calculated from our
SPRS data is 5.2( 0.8 × 1012 molecules/cm2. This coverage
is much less than the saturation coverage of smalln-alkanethiols
which are known to form monolayer films on gold (4.65× 1014

molecules/cm2). On the other hand, the maximum packing
density of double-stranded DNA would correspond to∼3 ×
1013 molecules/cm2. Therefore, the DNA coverage in the two-
component film is about one-fifth of the maximum possible
coverage of a monolayer film. The coverage determined in our
SPRS studies and previous hybridization efficiency results
(calculated from coverage measurements) are in good agreement
with complementary ex situ characterization and radio-labeling
experiments.24

Figure 4. Schematic diagram indicating steps involved in the formation and hybridization of surface-tethered ssDNA films: (A) adsorption of
HS-C6-ssDNA on gold; (B) rinsing with water; (C) adsorption of mercaptohexanol and displacement of HS-C6-ssDNA; and (D) hybridization of
tethered ssDNA (black) with ssDNA complement (gray).

Figure 5. Kinetics of formation of a tethered ssDNA film measured
by in situ two-color surface plasmon resonance spectroscopy. Shown
is the relative mass/area versus time measured during the three-step
process for forming a two-component film on gold. In step A the HS-
C6-ssDNA adsorbs on the gold surface. In step B, rinsing removes
∼16% of the HS-C6-ssDNA; and in step C, exposure to an aqueous
solution of mercaptohexanol results in very rapid mercaptohexanol
adsorption followed by slow desorption of HS-C6-ssDNA. The final
coverage of thiol-tethered DNA in the two-component film with
mercaptohexanol diluent is (5.2( 0.8)× 1012 HS-C6-ssDNA/cm2. Note
that the abscissa refers to the mass per unit area for a single-component
film in the left panel. The final coverage is calculated for ssDNA
coverage in the two-component adsorbed film; see text for details.
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3. Quantitative Coverage by Two-Color SPRS for a Two-
Component Film: Mercaptohexanol Mediated Desorption.
As shown in Figure 5 and in more detail in Figure 7, addition
of a 1 mMmercaptohexanol solution to the sample cell produces
a rapid increase in the amount of material on the surface
followed by a long slow decrease. The increase in material is
adsorption of mercaptohexanol, which is known to adsorb to
gold to form self-assembled monolayer films.25 Control experi-
ments indicate that mercaptohexanol reaches a maximum
coverage of∼1.8 × 1014 molecules/cm2 when adsorbing onto
bare gold from an aqueous solution. In these control experi-
ments, the adsorption proceeded rapidly, and although there are
too few data points for a detailed kinetic analysis, the data clearly
show that the mercaptohexanol reaches and maintains a coverage
of ∼1.4 × 1014 molecules/cm2 in less than 50 s. The mercap-
tohexanol adsorption on the HS-C6-ssDNA/Au film reaches and
maintains a coverage of∼1.8× 1014 molecules/cm2 in less than
50 s (Figure 7, dashed line). The presence of the previously
adsorbed HS-C6-ssDNA has little measurable effect on mer-
captohexanol adsorption.

The long, slow loss of material from the surface is attributed
to displacement of the HS-C6-ssDNA by mercaptohexanol rather
than loss of mercaptohexanol. This is reasonable for several
reasons. Keeping in mind that the coverage of mercaptohexanol
(1.8 × 1014 molecules/cm2) is much greater than that of HS-
C6-ssDNA (<7.6× 1012 molecules/cm2), it is clear that loss of
large amounts of mercaptohexanol would leave much of the
gold surface bare. Such a surface would be conducive to
nonspecific adsorption of DNA. In control experiments, no

nonspecific adsorption of ssDNA is observed onto this surface10

whereas significant adsorption is observed when ssDNA is
presented to bare gold.Ex situ experiments also support the
premise of mercaptohexanol mediated desorption of thiol-DNA.
XPS measurements of the HS-C6-ssDNA/Au film before and
after exposure to mercaptohexanol show a decrease in the N 1s
peak, clearly indicating loss of the HS-C6-ssDNA.24 Finally,
SPR control experiments show that mercaptohexanol exposure
leads to displacement of adsorbed ssDNA oligomer.

5. Discussion

1. Adsorption. Figure 6, parts A and B, shows the compari-
son of data for HS-C6-ssDNA adsorption on gold (step A) with
predictions of various models. The coverage is calculated from
two-color SPR. In Figure 6A adsorption data are compared
quantitatively with the model, which accounts for adsorption,
desorption, and diffusion (ADD) of the adsorbate. This model
predicts a diffusion constant of 1.4× 10-7 cm2/s, a saturation
coverage of∼1 × 1014 molecules/cm2, and a desorption rate
of 324 h-1 for the HS-C6-ssDNA.

Model curves which did not include both adsorption and
desorption did not describe the data well, Figure 6B. All model
curves are shown for best-fit parameters. Although the second-
order Langmuir model is closest to the adsorption data, none
of the existing models fits the data as well as the ADD model.

2. Kinetics of Mercaptohexanol-Mediated Desorption.
Figure 7 shows the kinetics of desorption for the HS-C6-ssDNA.
These data were compared to several displacement and desorp-
tion models, including first-order desorption (dotted line in
Figure 7), second-order desorption, and simple diffusion away
from the surface (not shown). None of these models are adequate
to account for the data.

(24) Herne, T. M.; Tarlov, M. J.J. Am. Chem. Soc.1997, 119, 8916-
8920.

(25) Poirier, G. E.; Tarlov, M. J.; Rushmeier, H. E.Langmuir1994, 10,
3383-3386.

Figure 6. (A) Comparison of data for HS-C6-ssDNA adsorption on
gold with predictions of various models. Shown is the coverage versus
time for the HS-C6-ssDNA adsorption step (step A). The coverage is
calculated from two-color SPR and the adsorption data are compared
to those of a model that accounts for adsorption, desorption, and
diffusion (ADD) of the adsorbate (see text). This model predicts a
diffusion constant of 1.4× 10-7 cm2/s, a saturation coverage of∼1 ×
1014 molecules/cm2, and a desorption rate of 324 h-1 for the HS-C6-
ssDNA. (B) Comparisons of adsorption data to existing adsorption
isotherm models (see text) which do not account for diffusion. All model
curves are shown for best fit parameters. Although the second-order
Langmuir model is closest to the adsorption data, none of the existing
models fit the data as well as the ADD model.

Figure 7. The kinetics of mercaptohexanol-mediated desorption of
HS-C6-ssDNA and quantitative comparison with models. The left axis
refers to the total mass per unit area for the two-component film as
measured by 2-color SPR. Through careful analysis of these data, in
conjunction with other control experiments, the coverage of DNA is
quantified. The desorption kinetics data are compared quantitatively
to calculated models where the slow decrease in coverage is attributed
solely to loss of HS-C6-ssDNA (see text for details). The right axis
refers to the coverage used in the model calculations. The mercapto-
hexanol-mediated desorption process is described well with the ADD
model (solid line). The calculation predicts a diffusion constant of 1.4
× 10-7 cm2/s and a desorption rate of 32 h-1 for the loss of HS-C6-
ssDNA. The same diffusion constant, 1.4× 10-7 cm2/s, was predicted
by the ADD model for theadsorptionkinetics of HS-C6-ssDNA (Figure
6A). For completeness, the initial rapid adsorption of mercaptohexanol
(dashed line) is shown. This process is comparable to the adsorption
of mercaptohexanol on bare gold from aqueous solution in the rapid
adsorption kinetics and in the measured coverage (to within about 20%).
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The model which best describes the displacement and
desorption of HS-C6-ssDNA rigorously accounts for diffusion
of the desorbed DNA away from the interface and allows for
readsorption of HS-C6-ssDNA. The curve that best described
the data, shown as a solid line in Figure 7, was calculated using
an initial coverage of HS-C6-ssDNA equal toΓ(t)0) ) 7.56×
1012 molecules/cm2, the initial bulk solution concentration of
thiol-modified ssDNA is zero,D ) 1.4× 10-7 cm2/s, andk )
32 h-1. It is striking that the kinetics of mercaptohexanol-
mediated desorption of HS-C6-ssDNA can be described using
the same physical model (eqs 5 and 6) used to describe the
kinetics ofadsorption(Figure 6A). Furthermore, the parameters
describing the two processes are self-consistent. The initial
coverage used in the analysis of the desorption process is the
same as the final coverage (after rinsing) of the adsorbed HS-
C6-ssDNA. The same diffusion constant for HS-C6-ssDNA
comes out of the kinetic analysis for both adsorption and
desorption data.

It is not surprising that the calculated desorption rate constant
for the mercaptohexanol displacement step (32/h) is different
than that obtained for the thiol-DNA adsorbing to the bare gold
(324/h) (see the previous section). The presence of a small but
measurable amount to mercaptohexanol is likely to have a
profound effect on the nature of the DNA surface interactions.
Note also that in the mercaptohexanol mediated case, prior

rinsing had removed a substantial fraction of weakly bound thiol-
DNA (about 16%).

We note that our interpretation assumes that the observed
change in mass/area is attributed exclusively to loss of HS-C6-
ssDNA. In other words, while there may be some additional
mercaptohexanol adsorption after the initial rapid process, we
assume that this contributes negligibly to the observed desorption
data. The molecular weight of the mercaptohexanol (134.24) is
almost two orders of magnitude less than the molecular weight
of the HS-C6-ssDNA (∼8000). Assuming a 1:1 exchange, the
contribution to the SPR data from the adsorbing mercaptohex-
anol would be less than 1.7% of the signal from the desorbing
HS-C6-ssDNA.

3. DNA Oligomer Adsorption: Effect of Thiol Function-
alization on Adsorption Kinetics. In this section, we compare
the kinetics of adsorption for two single-stranded DNA 25-mers
of identical sequence, one of which is functionalized with a
pendantn-C6H12SH at the 5′ position. We will refer to the
functionalized oligomer as HS-C6-ssDNA and will refer to the
unmodified single-stranded DNA 25-mer as ssDNA.

Figure 8A shows a comparison of the kinetics of adsorption
for ssDNA and HS-C6-ssDNA adsorption onto bare gold.
Coverage versus time data, measured byin situ two-color SPR,
are shown after exposure of a clean gold surface to a 0.5µM
solution of the oligomer in 1 M KH2PO4. For clarity, only the
first 30 min of the adsorption process are shown; however, the
best fits lines were calculated from analysis of the adsorption
kinetics data measured over a 5-h period. For the adsorption of
HS-C6-ssDNA, the kinetics of adsorption are best modeled with
the ADD model in asingle kinetic stepinvolving simultaneous
adsorption, desorption, and diffusion (solid line in Figure 6A).
In contrast, the adsorption of ss-DNA is very complex and
cannot be modeled by a single kinetic step regardless of which
model was considered. Preliminary analysis reveals that several
kinetic steps must be invoked. The dotted line in Figure 8A
shows the results of fitting the data to a model that includes
three concerted steps consisting of (Step 1) Langmuir adsorption,
(Step 2) adsorption, desorption, and diffusion (ADD), and (Step
3) condensation. These three kinetic steps are concerted: the
condensation in Step 3 is proportional to coverage in Step 2,
which in turn is related to the coverage in Step 1.

The overall kinetics of adsorption of HS-C6-ssDNA on bare
gold, although ultimately constrained to bind primarily through
a single gold-thiol bond, include a measurable rate of desorp-
tion. In contrast, adsorption of ssDNA oligomer on bare gold,
which binds through unconstrained nonspecific interactions,
shows overall kinetics that are much faster, initially, presumably
because the desorption rate is so low. This dramatic difference
in kinetic behavior suggests that addition of a thiol functionality
effects some of the nonspecific interactions. There may be other
explanations for the behavior. One possibility we have explored
and ruled out is related to the possibility of disulfide formation
in the solution. The difference in the diffusion constant for DNA
disulfide as compared to thiol-DNA is sufficient to alter the
kinetics. Control experiments performed with solutions contain-
ing an excess (80µM) of tris(2-carboxyethyl) phosphine,
hydrochloride (TCEP), a compound used for fast quantitative
and specific reduction of disulfide bonds and maintaining
monothiols in a reduced state,26 show no difference in kinetics.
We confirmed experimentally that TCEP does not adsorb to
the bare gold surface in DNA-free solution and therefore the
presence of TCEP should not affect the kinetics of DNA
adsorption.

(26) Burns, J. A.; Butler, J. C.; Moran, J.; Whitesides, G. M.J. Org.
Chem.1991, 56, 2648-50.

Figure 8. (A) The effect of the thiol modification to the kinetics of
adsorption on bare gold. Shown are the kinetics of adsorption of ssDNA
(open squares) and of HS-C6-ssDNA (open circles) under the same
conditions. Coverage is measured using in situ two-color SPR under
the same experimental conditions. Note that the adsorption of HS-C6-
ssDNA can be described by a single kinetic step using the ADD model
(solid line in Figure 6A). In contrast, a single kinetic step cannot account
for the behavior of ssDNA adsorption (dotted line). See text for details.
(B) Comparison of the kinetics of surface-confined hybridization (closed
triangles) with the adsorption of HS-C6-ssDNA on bare gold (open
circles, same data as in part A). For the hybridization kinetics, the data
(closed triangles) correspond to the amount of DNA that hybridizes to
the surface-immobilized single-stranded DNA of fully complementary
sequence. Hybridization is confirmed by in situ temperature-dependent
SPR measurements which show that the de-hybridization temperature
for the resulting surface immobilized duplex is only slightly depressed
from the value for the same duplex in free solution. Control experiments
show no nonspecific adsorption. Note that the hybridization coverage
is scaled by a factor of 3. This scaling factor correctly accounts for
loss of some adsorbed HS-C6-ssDNA during rinsing and during
mercaptohexanol-mediated desorption as well as for the efficiency of
hybridization
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4. Hybridization Kinetics at Surface-Tethered DNA. In
another set of experiments, a monolayer film of tethered ssDNA
(HS-C6-ssDNA/Au with co-adsorbed mercaptohexanol) is ex-
posed to ssDNA oligomers of fully complementary sequence
(Step D in Figure 4) and the complement is observed to adsorb.
In contrast, when the fully noncomplementary sequence is used,
no adsorption is measured. These control experiments indicate
the absence of nonspecific binding and suggest the occurrence
of sequence-specific hybridization, which we have confirmed
through SPRS melting studies.10 A direct comparison of the
adsorption of HS-C6-ssDNA and the hybridization of the ssDNA
complement (scaled by a factor of 3) in panel B of Figure 8
shows a remarkable similarity between the kinetics for these
two different, interfacial binding processes. The kinetics of
ssDNA hybridization, that is, the adsorption of ssDNA con-
strained to form specific bonds to tethered ssDNA through
formation of the double helix (Figure 8B, triangles), is in stark
contrast to the kinetics of nonspecific adsorption of ssDNA on
bare gold (Figure 8B, squares). Preliminary investigations
indicate that the oligomer sequence mismatch and length
strongly affect the kinetics of hybridization.27

We find that the kinetic data in this work deviate from the
predictions of various constant flux models including simple
Langmuir but can be fit self-consistently using the ADD model.
That is, the kinetics cannot be understood without assuming a
dynamic equilibrium, which takes into account adsorption and
desorption as well as diffusion at the interface. The applicability
of the ADD model has been observed in our laboratory for a
variety of interfacial reactions. This behavior is also reported
in the literature, for example, in the kinetics of highly selective
antigen-antibody interactions at interfaces.28 The contribution
of dynamic equilibrium has implications for both fundamental
and applied research; however, it has not been invoked in studies
of self-assembly of alkanethiol monolayer films, except in very
few studies.29,30 Nevertheless, the mechanism of formation of
even the simplextn-alkanethiol monolayer films at the gold/
solution interface remains a subject of controversy.31

6. Conclusions

In this paper, we have presented a quantitative study of the
formation and hybridization of a two-component tethered
ssDNA film and show that each kinetic step leading to formation

of the two-component film can be modeled quantitatively with
a simple physical model that accounts for simultaneous adsorp-
tion, desorption, and diffusion of the adsorbate molecule. Kinetic
parameters, such as the diffusion constant and desorption rate
constant, can provide useful physical insights. For example,
while most researchers who utilize self-assembled monolayer
techniques assume implicitly or explicitly that there is no
measurable desorption rate, our results indicate that the kinetics
of self assembly of thiol-ssDNA cannot be understood without
including both desorption and diffusion. The stringency of
constraints placed on the parameters by our model (solutions
of the differential equations for adsorption, desorption, and
diffusion) as well as self-consistency of parameters between data
sets increase our confidence in the analysis results.

We find a sharp contrast in the kinetics of surface-confined
DNA hybridization, that is, the adsorption and binding of
complementary ssDNA to a surface-tethered oligomer, compared
with adsorption of the same ssDNA onto bare gold. This contrast
is not surprising given that complementary DNA-DNA interac-
tions leading to hybridization are likely to be far more
constrained than nonspecific adsorption of single strands. We
find that hybridization kinetics can be fit with a single step
model that must include desorption, whereas nonspecific
adsorption of ssDNA on bare gold shows complex behavior
involving multiple kinetic steps and appears to have a negligible
desorption rate constant.

Kinetic isotherms from quantitative SPRS are clearly useful
for distinguishing between different types of adsorbate/surface
interactions, such as constrained versus nonspecific interactions;
however, further work is needed to more fully interpret the data.
For example, we observe an apparent similarity in kinetic
behavior for HS-C6-ssDNA adsorption on bare gold, a process
ultimately constrained to bind primarily through a single gold-
thiol bond, and the binding of ssDNA to a surface-tethered
ssDNA film of complementary sequence, a process constrained
to form specific bonds through formation of the double helix.
Both processes are similar in that they show kinetic behavior
consistent with a single kinetic step involving adsorption,
desorption, and diffusion in contrast with the complex behavior
seen for nonspecific interactions of ssDNA on bare gold.
However, additional work is underway to obtain a more
complete understanding of these constrained interaction kinetics
at interfaces.
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