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Abstract: We report a quantitative study of the kinetics of formation for a two-component tethered ssDNA
monolayer film usingn situ two-color surface plasmon resonance (SPR) spectroscopy. The attachment of the
DNA to gold is facilitated by functionalization at thé &nd 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 @55I3NA

onto bare gold as well as the kinetics of loss of HSsEDNA 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-&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 mass action, equilibrium constants for surface reactions. The
. . . . major obstacle to obtaining accurate and reliable kinetic and

The interaction between DNA-functionalized surfaces and armodynamic information from analysis of kinetic data is the
free oligonucleotides in solution is the key to a wide range of aq for very high quality experimental data. Reliable measure-

new genetic diagnostic dewqéé'.h(_ese devices, which rely on o ntq of surface coverage must be available over a wide range
the binding of analyte nucleic acids to surface-tethered DNA of time scales and solution conditions. Moreover, if simple

strlandsasrow great pr?.mf.e rlqn I?l range of medlcaf(l, pharfmticem"physical models are to be used to describe the data, it is critical
cal, and Torensic applicationsHowever, the nature of e a4 ) experimental artifacts be minimized and accounted for.
interactions between probe and target remains only partially | . he ulii . f ontical bi hnol
characterized as there have been few systematic stuies. n practlcg, the ultimate Promise o optu;a losensor t89 no-
ogy to provide molecular level information regarding bimo-

example, dramatic differences in duplex yield are not due to lecul d bi ol . lusi hile th
differences in overall stability of duplexes but rather due to '€cular an lomaterial processes remamns €elusive. While the
development of a number of commercial SPRS instruments has

different rates of forward reaction. lod 1 tial arowth of SPR-related publicati Kineti
Optical surface plasmon resonance spectroscopy (SPRS) jgod to an exponential growth o “related publications, KINElic

a powerful tool forin situ real-time characterization of solid/ %nnﬂﬁinizf) r;ljsv?/rs]eisn utii-d énugﬁ‘% Ztﬁgleassshuar:q/eﬁ;gntamed
liquid interfaces. In the past decade, SPRS has found increas- roblem exacerbated by the ?act that derived resuﬁs in&man
ingly widespread use for the study of interactions of biological P oy . many
molecules in so-called optical biosensdrEhe power of the cases seemed of the right order when compared with traditional

optical biosensor experimental approach, in which one of the mdeda}?urements \gh'Chf have very tvvlldet.r:a;gms of eﬁrrb}. ¢
interacting molecules (the analyte) is free in solution and the addrtion, a number ol experimental artifacts can complicate

other (the ligand) is attached to the biosensor surface, is thatinterpretation of kingtic data, inclu_ding nc_)nspecific binc_iing,
the formation and decomposition of the analyte/ligand complex mass transport, matrix effect§ assom_ated W'.th hete_rog_e neity, and
is monitored in situ, yielding kinetic data in real-time. The nonideality in the biosensor interaction region which is often a

assembly or binding process can be monitored without the needtick polymer matrix {-1000 A)! An alternative approach, and

to label the reactants with spectroscopic or radioactive probes, € O?e usedl here, is to use Se|f£2§emblﬁq monolayer flllms
making this technique an ideal noninvasive in situ method diréctly on gold SPRS sensor surface? For this case, signa
amenable to a wide range of biologically relevant molecules (@) Morton, T. A Myszka, D. G.Methods Enzymol1998 295
including nucleic acids, proteins, lipids, and carbohydrates. (Energetics of Biolog'ical Ma_lc!rémol_ecules, Part B, pp 2884).

In principle, the availability of real-time SPRS kinetic data % Schuck, Jpgu?ent gplrr)l/ft{n I|3I$_techhn0|199¥ 8, ';19%5028.' erial

: ihili H. H avies, J.ourtace Analytical lechniques Tor Probing blomateria

prOVId_eS the pOSSIblm.y of qet?rmmmg the mechanlsm of the ProcessesDavies, J., Ed.; CRC Press: Boca Raton, FL, 1996.
chemical and/or physical binding event and, using the law of 7y schuck, PBiophys. J1996 70, 1230-1249.
(8) Peterlinz, K. A.; Georgiadis, FOpt. Commun1996 130, 260-266.
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levels are generally significantly reduced due to fewer molecules methods have begun to address these issues, although with
in the interfacial region. limited success with respect to high-quality kinetic déta.

In this paper we have focused on a system involving self-  In this paper, we focus mainly on detailed measurements of
assembled monolayer films on gold surfaces for which the planar the sequential kinetic steps that lead to formation of a two-
geometry of the interface and relatively simple film structure component film which consists of a functionalized 25-mer
provides a model interface that is tractable to analysis using SSDNA with pendant (C)sSH at the 5position and a diluent
simple physical models. In addition, the optical measurements mercaptohexanol. The two-color SPRS kinetic data presented
are obtained using a two-color SPRS optical techrfighat here are of sufficient quality that it is possible to unambiguously
provides highly sensitive, quantitative measurements of surfacetest detailed kinetic models. We find that, for a diverse range
coverag@0even for submonolayer films. The kinetic data are 0f surface processes, the kinetics cannot be understood without
of high quality and can be used to test various proposed kinetic assuming dynamic equilibrium, which includes adsorption to
models. In addition to studying both adsorption and desorption the surface, desorption from the surface, and diffusion at the
steps involved in the process of forming two-component interface.
monolayer nucleic acid films via self-assembly, we also examine )
the kinetics of hybridization when these films are exposed to a 2- Materials and Methods

nucleic acid of complementary sequence. The two-color SPRS apparatus used for measurements presented here
In this work, the tailored interfaces are fabricated using has been described previou8h. Surface plasmon resonance spec-
molecular self-assembly technigdieso covalently tether al- troscopy is an all-optical technique that is sensitive to changes in the

kanethiol derivatives of single-stranded DNA oligomers to a dielectric constant at a metal surface for certain metals such as gold.
gold substrate. The resulting nucleic acid monolayer films have ' @n attenuated total reflectance (ATR) SPRS experiment, p-polarized
controlled film composition which resists nonspecific binding monochromatic light is reflected from a glass prismetal interface,

S . : and the reflectivity of the light is measured as a function of incident
and maintains a low surface density of ligartfé/e have shown angle. At an optimal coupling angle, the evanescent field of the light

previously? that exposure of these nucleic acid films t0 @ coyples to a plasmon mode that propagates along the metal surface,
complementary strand of ssDNA leads to highly efficient and a minimum in reflected intensity is observed. For a given frequency
reversible hybridization as characterized by situ SPRS of light, the wave vector of the plasmon depends strongly on the
temperature dependent melting studies with no measurabledielectric constants of all materials at the interf&tén general, the
nonspecific binding. These are important attributes of model SPR spectrum can be fit to an optical model that accounts for the
biosensor surfaces where, to maintain biochemical function, thethickness and complex dielectric constants of all materials at the
optimum mole fraction of the biochemical active molecule in interface? however, the thickness and dielectric constant for fitn290

the monolayer film may be quite small. Experiments on model A cannot be determined uniquely from a single SPRS measuréfnent.
interfaces with such very low surface densities require highly As reported previously, two-color SPRS allows unique determination

o . - . 2. Of both the thickness and dielectric constant of a transparent dielectric
sensitive probes and special attention to the issue of nonspecific; . s

adsorption. For these experiments, the p-polarized output from twe Ne lasers
Despite the wide-spread use of self-assembly methodologieswas used (632.8 and 543.5 nm). The prism material was SF#4 (
for fabrication of tailored organic thin film% a detailed 1.76), and all other components of the liquid cell were either glass,
understanding of the process by which these films form is still PTFE, or Kalrez. The cell temperature was monitored continuously
lacking. This knowledge is particularly important for research Using a PTFE-lined Chromel-Alumel thermocouple built into the sample
and applications of mixed multicomponent monolayer films in cell. The gold substrate vyas'pre'pared .by evaporatlon of 99.999% purity
which the composition of the film determines the physical and gold directly onto a hemicylindrical prism which had been pre;wously
chemical properties of the interface. For much of the work on prepared by exposing the flat face of the prism to a hot (ED°C)

ixed | fil h h lied h d 30% H0./70% HSO, (piranha) solution, rinsing with Nanopure water,
mixed monolayer films, researchers have relied on thermody- drying with nitrogen, and baking overnight in a 120 oven. The film

namic constraints to control the film composition. However, as deposited by first evaporating a 12 A layer of Cr at 1 Als, followed
the final composition of the monolayer film may or may notbe by evaporating a-500 A layer of gold at 1.52 A/s. The prism was
similar to the mole fraction of the component molecules in the then sealed with a Kalrez O-ring to a PTFE cell on the surface plasmon
solution to which the surface is exposed. When the adsorptionresonance (SPR) apparatus. The prism remained sealed to the cell for
rates of the component molecules are vastly different, as with all experiments, with the lasers focused onto the same spot. Once sealed
large differences in molecular size or with dissimilar surface o the cell, the gold surface was prepared by exposure to room
chemical reaction rates, kinetic constraints will ultimately control temperature piranha solution for 10 min followed by rinsing with
film composition so that the solution concentration and other SCPious guantities of Nanopure water and ethadbA(TION: Piranha
parameters must be tuned for the ‘?'es'“?d results_. Another genere\iandled with extreme caution. Piranha solution should not be stored
e}pproach, a.n.d the metho?‘ used in this work, is to controll the in tightly sealed containersAll water used was Nanopure (18®/1

film composition by exposing the metal surface for appropriate ¢m)”kf,PQ, was obtained from Fisher. The mercaptohexanol was
times to a sequence of solutions with appropriate concentrationskindly provided by Prof. Cary Miller (University of Maryland). The
Here again, knowledge of kinetics is needed to deduce ap-thiol derivatized ssDNA (HS-EssDNA), underivatized ssDNA, and
propriate conditions. In either case, issues of segregation andthe underivatized complement (ssDNA complement) were provided by
islanding cannot be addressed directly with optical probes; theseDr. M. J. Tarlov and co-workers (NIST). The sequence was R-CAC
await the development of nonintrusive nanoscale measurement$>AC GTT GTA AAA CGA CGG CCA G, where R= HS—(CHy)s at

amenable to real-time kinetic studies. To date, scanning probethe 3 end. The complementary sequence was GTG CTG CAA CAT
TTT GCT GCC GGT C.

(11) Whitesides, G. M.; Ferguson, G. S.; Allara, D.; Scherson, D.;  1he ssDNA tethered films were forméulsituon the gold substrate
Speaker, L.; Ulman, ACrit. Rev. Surf. Chem1993 3, 49-65. by first exposing the gold surface s 1 mMsolution of the HS-&
195(;%52)22m|5f§i—c;]éM'; Whitesides, G. MAnnu. Re. Biophys. Biomol. Struct. ssDNA in 1.0 M KHPQ, for about 5 h. After exposure, the cell was

(13) Xu, S.; Cruchon-Dupeyrat, S. J. N.; Garno, J. C; Liu, G.-Y.; Kane (14) Raether, HSurface Plasmons, Springer Tracts in Modern Physics
Jennings, G.; Yong, T.-H.; Laibinis, P. E.Chem. Phys1998 108 5002— Springer-Verlag: Berlin, 1988; Vol. 111.

5012. (15) Peterlinz, K. A.; Georgiadis, R.. Phys. Chem1997 101, 8041.

olution can reactviolently with organic material, and should be
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- Figure 2. lllustration of the two-color SPR approach for determining
0.0 5'0 : 5'2 . 5'4 e 5'8 50 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
Figure 1. At the top is shown a schematic of the experimental geometry wavelength. The solid line shows all pairs of nonunique optical
and a list of parameters in the optical layer model of the interface used constantsd;, ;) which equally well describe the SPR reflectance curve
for analysis of SPR spectroscopy reflectance data in water. At the obtained at excitation wavelengfh; the dashed line shows all pairs
bottom are shown raw reflectivity data for 632.8 nm excitation for bare of constantsd, «) which equally well describe the SPR reflectance
gold (open circles) and for gold modified by self-assembly of a curve obtained at excitation wavelength The unique thickness and
monolayer film of thiol derivitized ssDNA (closed circles). Also shown  dielectric constant of the film consistent with both data sets, shown
are the best fits to the data (solid and dashed lines) obtained from thegraphically as the intersection pof;, 1(41)}, is found after accounting
optical parameters; see text for details. for the known dispersion of the thin film layer depicted here as the
leftward shift of the trial curve fo, (dotted line).
rinsed with copious quantities of Nanopure water and then exposed to
a 1 mM solution of mercaptohexanol in Nanopure water for about 12 information from SPR spectra, but cannot provide quantitative
h. The cell was then rinsed with copious quantities of Nanopure water. gyrface coverage.

Hybridizgtion measurements were madg using this tethered ssDNA film We and others have shown that unambiguous determination
as_descrlbed earl_lé?.'l'he ssDNA adsorption on bare gold was measured of the two unknown optical constants, the thicknedis.and
using a clean, piranha-treated gold substrate. . . .
dielectric constantes, for the unknown adsorbed film, can be

achieved with either a two-color approdabr a multi-solvent
approact:2° The two-color method is more appropriate for

1. Extraction of Surface Coverage Information from measurements at solid/liquid interface as the processes of interest
Optical SPRS MeasurementsFigure 1 shows a typical SPRS  are likely to be solvent dependent. The methodology for two-
reflectance curve consisting of angle of incidence modulated color analysis has been shown both experimentally and theoreti-
data obtained at a fixed excitation wavelength. As shown by cally 8 Briefly, the analysis considers all possible combinations
Raethe}* and otherd5 18 SPR spectra can be fit with an optical of di and ¢ that equally well describethe complete SPRS
model that accounts for the thickneds,and dielectric constant,  reflectance curve at a given excitation frequency. Each set of
¢, of an adsorbed thin film. Typically, the calculated reflectivity parameters defines a nonunique “best-fit” to the reflectance data.
function uses Fresnel equations for a four-layer model (prism/ Sets of these best-fit parameters are compared for two different
metal/film/liquid) to extract the values of the two unknown thin-  excitation wavelengths, and after accounting for the dispersion
film parameters ¢ and ¢r) assuming that the thicknesses and in all layers, a unique set of parameters @ipande; is found,
complex dielectric constants of the prism, metal, and other Figure 2. These unique parameters self-consistently fit both
materials near or in contact with the metal surface are known complete SPR reflectance spectra obtained at both excitation
or can be obtained from control experiments. Figure 1 gives wavelengths.
the parameter values used in the optical layer model to calculate |n this paper, SPRS optical data were analyzed as described
the reflectance spectrum shown. previously using nonlinear least-squares fitting to a multilayer

For very thin films<200 A, any number of combinations of ~ Fresnel optical model. The analysis was performed using the
dr and ¢ may be found to fit a single reflectance curve. Optimization Toolbox in MATLAB and adapted Fortran code
Consequently, thin-film thicknesses, determined in thisway  originally supplied by Swalen (IBM). For the analysis, the
from a single wavelength measurement will have high uncer- optical constants for the prism and water were obtain from the
tainty without independent a priori knowledge«f151°Most literature while the dielectric constants for other solutions were
researchers resort to assuming a fixed value for the film obtained by measuring the critical angle in the appropriate
dielectric constant based on the chemical properties of the neatsolution using the SPRS apparatlisAll liquid dielectric
film material. This method can provide relative thickness constants were temperature corrected (valuesrfiTcbbtained
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

Angle of incidence (degrees)

3. Data Analysis

(16) Otto, A. Spectroscopy of Surface Polariton by Attenuated Total
Reflection Otto, A., Ed.; North-Holland: Amsterdam, 1976; p 677.

(17) Pockrand, I.; Swalen, J. D.; Gordon, J. G.; Philpott, M.SRrf.
Sci. 1977, 74, 237-244.

(18) Gordon, J. G. I.; Swalen, J. Dpt. Communl1977, 22, 374-376. (20) Bruijn, H. E. d.; Altenburg, B. S. F.; Kooyman, R. P. H.; Greve, J.

(19) Chinowsky, T. M.; Yee, S. SSens. Actuators B998 51, 321~ Opt. Commun199], 82, 425-432.
330. (21) Grassi, J. H.; Georgiadis, Rnal. Chem.1999 71, 4392-4396.
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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 / .+*"" Diffusion-Limited
0.00TF for each measured reflectivity in the SPR spectrum, Condensation
shows that the largest possible error in the average gold .
thickness determined by SPRS wa® A. 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 HG<3DNA

of 0.7 ng/cnd (~1 fmol/mn?, 0.5 x 10! molecules/ cr).

2. Analysis of SPRS Kinetic DataFigure 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 Diffusion
reliable kinetic parameters. High-quality data are needed over
a wide range of surface coverage and time scale. Despite theFigure 3. lllustration of typical coverage versus time curves for various
emergence of a number of powerful surface analytical tech- selected models representing kinetic behavior for adsorption and
niques, quantitation of absolute surface coverage at solid/solutiondesorption at the solid/liquid interface.

Langmuir or 1st Order Adsorption - Desorption

- -
- o -
- -
- -

-

L - .
~~  2nd Order Langmuir

Coverage

2nd Order Desorption

1st Order Desorption

Coverage

.........
................

Time

interfaces remains a challenge.

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

Langmuir adsorption

dre) _ I
dt - kaCO(l Fma (1)
Langmuir adsorption with first-order desorption
drQ _ o ;- 10\ _
G kdco(l F] kil @
second-order Langmuir adsorption
dr) _I®m\?
dt - kaCO(l Fma (3)
and random sequential adsorption (REA}
dr)
da
I(t I'(t))2 Ir'\s
keol1—a® G—ﬁ’(ﬂ) + 1.406;(%) — kL)
Fmax Fma Fm
4)

a0 _ o, T0)_
T—J(t)(l FW) k() ©)
i =- oY i (6)

Here, I'(t) is the time-dependent surface coverage for the
adsorbed molecules (moleculesRMmax is the maximum
possible coveragec is concentration in solution (for these
experiments~1 x 1075 g/cn? for HS-Gs-ssDNA), x is the
distance from the flat surfacd(t) is the time-dependent flux
of (adsorbate) molecules into the surfa€ejs the diffusion
constant for these molecules in solution, &id 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 addition, we developed a model that accounts for the three in the ADD model places extremely stringent constraints on
main physical processes at work at the solid/solution interface: the range of parameters, which can reasonably model a particular
mass transport through the solution, flux-dependent adsorption,coverage vs time curve. More importantly, the resulting
and coverage-dependent desorption. Our adsorption/desorptionParameters can be interpreted directly in terms of physical
diffusion (ADD) model is described by coupled differential Processes at the interface, unlike the results from empirical fits.
equations (egs 5 and 6) using Fick’s laws for mass transport of
the adsorbate molecules in solution and a Langmuir adsorption/4: Results

desorption model with a time-dependent flux: 1. Overview: Formation and Characterization Nucleic

(22) Schaaf, P.; Talbot, Phys. Re. Lett. 1989 62, 175-178. Acid Monolayer Films. Surface plasmon resonance spectros-
(23) Schaaf, P.; Talbot, J. Chem. Phys1989 91, 4401-4409. copy was used to follow the formation of the two-component
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A B Anf

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

18 . mass/area corresponds to loss of 16% of the HSIDNA. In
16F  stepA  |stepB Step C _ step C, a rapid increase in mass/area cprresponds to adsorption
14 1 3 of mercaptohe>'<anol. The slow decrease in mass/areq corresponds
i 3 to loss of previously adsorbed HS68sDNA due to displace-
g 12 Rinse - ment.
%105 g Initial SPRS characterization of the surface hybridization
2 gf Mercaptohexanol ] process, step D, has been presented previéti$lye importance
2 Coadsorption 1 of these studies is that they indicate that tethered ssDNA
g 6f 3 hybridizes with high efficiency with its complementary (un-
e 4E ) 3 functionalized) ssDNA sequence. Furthermore, gold surfaces
o F[F1SCorssDNA Final Coverage: , ] modified with a two-component thiol-ssDNA and mercapto-
Adsorption 52%.8 x10° HS-C,-ssDNA/em™ hexanol film, illustrated in Figure 4D, appear to be resistant to
08 s Y TR nonspecific adsorption of sSDNA. _
Time (Hours) Time (Hours) In subsequent sections, a detailed analysis of the two-color

SPRS data is presented to quantify coverage and model kinetics
by in situ two-color surface plasmon resonance spectroscopy. Shownfor H.S_CG_SSDNA adsorption, merc;aptohexanol mediated de-
is the relative mass/area versus time measured during the three-ste;?Orptlon of HS-G-ssDNA, and hybridization of surfa_ce-bound
process for forming a two-component film on gold. In step A the HS- SSDNA stands to a fully complementary ssDNA, Figures 6, 7,
Ce-ssDNA adsorbs on the gold surface. In step B, rinsing removes and 8, respectively.
~16% of the HS-G-ssDNA; and in step C, exposure to an aqueous 2. Quantitative Coverage by Two-Color SPRS:HS-G
solution of mercaptohexanol results in very rapid mercaptohexanol ssDNA Adsorption. Procedures for determining surface cover-
adsorption followed by slow desorption of H3-8sDNA. The final  age from refractive index data and the general application of
coverage of thiol-tethered DNA in thez two-component film with  the Clausius Mossotti equation have been described in detail
mercaptohexanol diluent is (520.8) x 10°2 HS-Gs-ssDNA/nt. Note elsewheré:® Specific details for the DNA films used in the
t_hat t_he abscissa refers to th(_e mass per unlt_area fora:smgle-componenStudies have been presented elsewfferghe coverage of
film in the left panel. The final coverage is calculated for ssSDNA - .
coverage in the two-component adsorbed film; see text for details. tethered SSDNA in the two-component film calcglated from our
SPRS data is 5.2 0.8 x 102 molecules/cra This coverage
film. The drawing in Figure 4 graphically illustrates the three is much less than the saturation coverage of smalkanethiols
steps for film formation: (A) adsorption of HSzGsSDNA; (B) which are known to form monolayer films on gold (4.651014
rinsing with water; and (C) coadsorption of mercaptohexanol molecules/cr). On the other hand, the maximum packing
with displacement of HS-£ssDNA. The drawing in part D  density of double-stranded DNA would correspond~8 x
illustrates the process of hybridization of the tethered ssDNA 10" molecules/crh Therefore, the DNA coverage in the two-
film with the ssDNA complemen®® Analysis of SPRS spectra  component film is about one-fifth of the maximum possible
collected during film formation, presented in Figure 5 as the coverage of a monolayer film. The coverage determined in our
relative mass of adsorbate molecules per unit area, confirmsSPRS studies and previous hybridization efficiency results
the basic steps involved in film formation. In step A, the mass/ (calculated from coverage measurements) are in good agreement
area increases, corresponding to adsorption of BFSsSDNA. with complementary ex situ characterization and radio-labeling
In step B, the film is rinsed, and a 16% reduction in the total experimentg*

Figure 5. Kinetics of formation of a tethered ssDNA film measured
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T 214§ Random Sequential Adsorption Figure 7. The kinetics of mercaptohexanol-mediated desorption of
- 8 Second Order Langmuir HS-Cs-ssDNA and quantitative comparison with models. The left axis
o= ; 2' é . ; . é refers to the total mass per unit area for the two-component film as
Hours 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-&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
x 1077 cm¥/s and a desorption rate of 32hfor the loss of HS-G
ssDNA. The same diffusion constant, 4107 cn?/s, was predicted

by the ADD model for thedsorptionkinetics of HS-G-ssDNA (Figure

Figure 6. (A) Comparison of data for HS+%sDNA adsorption on
gold with predictions of various models. Shown is the coverage versus
time for the HS-G-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 1077 cn¥/s, a saturation coverage ofL x

10 molecules/cry and a desorption rate of 324 hfor the HS-G-
ssDNA. (B) Comparisons of adsorption data to existing adsorption

isotherm models (see text) which do not account for diffusion. All model 6A). For completeness, the initial rapid adsorption of mercaptohexanol
curves are shown for best fit parameters. Although the second-order, 7" P ’ p P P

Langmuir model is closest to the adsorption data, none of the existing (dashed line) is shown. This process is comparable tc_) th? adsorptl_on
) of mercaptohexanol on bare gold from aqueous solution in the rapid

models fit the data as well as the ADD model. A L - L
adsorption kinetics and in the measured coverage (to within about 20%).

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 fil#&¥Control experi-
ments indicate that mercaptohexanol reaches a maximum
coverage of~1.8 x 10" molecules/criwhen adsorbing onto
bare gold from an agueous solution. In these control experi- 5 piscussion
ments, the adsorption proceeded rapidly, and although there are
too few data points for a detailed kinetic analysis, the data clearly 1. Adsorption. Figure 6, parts A and B, shows the compari-
show that the mercaptohexanol reaches and maintains a coveraggon of data for HS-&ssDNA adsorption on gold (step A) with
of ~1.4 x 101 molecules/criin less than 50 s. The mercap- predictions of various models. The coverage is calculated from
tohexanol adsorption on the HS-6sDNA/AU film reaches and ~ two-color SPR. In Figure 6A adsorption data are compared
maintains a coverage of1.8 x 101 molecules/crin less than quantitatively with the model, which accounts for adsorption,
50 s (Figure 7, dashed |ine). The presence of ’[he previous|y desorption, and diﬁusion (ADD) Of the adsorbate. Th|S model
adsorbed HS-EssDNA has little measurable effect on mer- Predicts a diffusion constant of 14 1077 cné/s, a saturation
captohexanol adsorption. coverage of~1 x 10 molecules/cry and a desorption rate

The long, slow loss of material from the surface is attributed Of 324 fr* for the HS-G-ssDNA.
to displacement of the HSg&sDNA by mercaptohexanol rather ~ Model curves which did not include both adsorption and
than loss of mercaptohexandihis is reasonable for several —desorption did not describe the data well, Figure 6B. All model
reasons. Keeping in mind that the coverage of mercaptohexanolcurves are shown for best-fit parameters. Although the second-
(1.8 x 10" molecules/cr® is much greater than that of HS- order Langmuir model is closest to the adsorption data, none
Ce-SSDNA (<7.6 x 102 molecules/c), it is clear that loss of of the existing models fits the data as well as the ADD model.
large amounts of mercaptohexanol would leave much of the 2. Kinetics of Mercaptohexanol-Mediated Desorption.
gold surface bare. Such a surface would be conducive to Figure 7 shows the kinetics of desorption for the HSsSDNA.
nonspecific adsorption of DNA. In control experiments, no These data were compared to several displacement and desorp-

tion models, including first-order desorption (dotted line in

89%‘_‘) Herne, T. M.; Tarlov, M. JJ. Am. Chem. 504997, 119, 8916~ Figure 7), second-order desorption, and simple diffusion away

(25) Poirier, G. E.; Tarlov, M. J.; Rushmeier, H. Eangmuir1994 10, from the surface (not shown). None of these models are adequate
3383-3386. to account for the data.

nonspecific adsorption of ssDNA is observed onto this sutface
whereas significant adsorption is observed when ssDNA is
presented to bare goldEx situ experiments also support the
premise of mercaptohexanol mediated desorption of thiol-DNA.
XPS measurements of the H3-6&SDNA/Au film before and
after exposure to mercaptohexanol show a decrease in the N 1s
peak, clearly indicating loss of the HS6sDNA2 Finally,

SPR control experiments show that mercaptohexanol exposure
leads to displacement of adsorbed ssDNA oligomer.
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3 rinsing had removed a substantial fraction of weakly bound thiol-
= °[ % —;‘W":’&m DNA (about 16%).
"g W . We note that our interpretation assumes that the observed
9 2 4ry ’ change in mass/area is attributed exclusively to loss of &#S-C
s 3 .é / ssDNA. In other words, while there may be some additional
é S 2 ¥ ©  HS-C.-ssDNA adsorption mercaptohexanol adsorption after the initial rapid process, we
L e o ssDNA adsorption assume that this contributes negligibly to the observed desorption
< e . L. data. The molecular weight of the mercaptohexanol (134.24) is
66 01 02 03 04 05 almost two orders of magnitude less than the molecular weight
of the HS-G-ssDNA (~~8000). Assuming a 1:1 exchange, the
s B 4 o 0a9 contribution to the SPR data from the adsorbing mercaptohex-
“‘g M“ anol would be less than 1.7% of the signal from the desorbing
o @ 4F HS-Gs-ssDNA.
& % o HSC ] 3. DNA Oligomer Adsorption: Effect of Thiol Function-
£g Ll "Cy-ssDNA adsorption alization on Adsorption Kinetics. In this section, we compare
o= 4 Hybridization of the kinetics of adsorption for two single-stranded DNA 25-mers
2 , SsDNAcomplement (x3) of identical sequence, one of which is functionalized with a
%0 o1 o2 o3 o4 05 pendantn-CgH1,SH at the 5 position. We will refer to the

functionalized oligomer as HS&sDNA and will refer to the
unmodified single-stranded DNA 25-mer as ssDNA.

Time (Hours)

Figure 8. (A) The effect of the thiol modification to the kinetics of Fi 8A sh . f the kineti f ad fi
adsorption on bare gold. Shown are the kinetics of adsorption of sSSDNA igure ShOws a comparson of the kinetics ot adsorption

(open squares) and of HS;G&SDNA (open circles) under the same 0F SSDNA and HS-GssDNA adsorption onto bare gold.
conditions. Coverage is measured using in situ two-color SPR under COverage versus time data, measuredhbsitu two-color SPR,

the same experimental conditions. Note that the adsorption of #4S-C are shown after exposure of a clean gold surface to aBL5
ssDNA can be described by a single kinetic step using the ADD model solution of the oligomerri 1 M KH,PO,. For clarity, only the
(solid line in Figure 6A). In contrast, a single kinetic step cannot account first 30 min of the adsorption process are shown; however, the
for the behavior of ssDNA adsorption (dotted line). See text for details. pest fits lines were calculated from analysis of the adsorption
(B) Comparison of the kinetics of surface-confined hybridization (closed kinetics data measured over a 5-h period. For the adsorption of
triangles) with the adsorption of HSsGSDNA on bare gold (open 5., ssDNA, the kinetics of adsorption are best modeled with
circles, same data as in part A). For the hybridization kinetics, the data the ADD model in asingle kinetic stejnvolving simultaneous

(closed triangles) correspond to the amount of DNA that hybridizes to - - . . Lo T
the surface-immobilized single-stranded DNA of fully complementary adsorption, desorption, and diffusion (solid line in Figure 6A).

sequence. Hybridization is confirmed by in situ temperature-dependent [N contrast, the adsorption of ss-DNA is very complex and
SPR measurements which show that the de-hybridization temperaturec@nnot be modeled by a single kinetic step regardless of which
for the resulting surface immobilized duplex is only slightly depressed model was considered. Preliminary analysis reveals that several

from the value for the same duplex in free solution. Control experiments kinetic steps must be invoked. The dotted line in Figure 8A
show no nonspecific adsorption. Note that the hybridization coverage shows the results of fitting the data to a model that includes
is scaled by a factor of 3. This scaling factor correctly accounts for three concerted steps consisting of (Step 1) Langmuir adsorption,
loss of some adsorbed HSE€sDNA during rinsing and during  (Step 2) adsorption, desorption, and diffusion (ADD), and (Step
merc_aptohexanol-medlated desorption as well as for the efficiency of 3) condensation. These three kinetic steps are concerted: the
hybridization condensation in Step 3 is proportional to coverage in Step 2,
The model which best describes the displacement andwhich in turn is related to the coverage in Step 1.
desorption of HS-gssDNA rigorously accounts for diffusion The overall kinetics of adsorption of HSs@sDNA on bare
of the desorbed DNA away from the interface and allows for gold, although ultimately constrained to bind primarily through
readsorption of HS-C6-ssDNA. The curve that best described a single gold-thiol bond, include a measurable rate of desorp-
the data, shown as a solid line in Figure 7, was calculated usingtion. In contrast, adsorption of SSDNA oligomer on bare gold,
an initial coverage of HS-£ssDNA equal td'(t=0) = 7.56 x which binds through unconstrained nonspecific interactions,
10" molecules/cry the initial bulk solution concentration of  shows overall kinetics that are much faster, initially, presumably
thiol-modified sSDNA is zeroD = 1.4 x 107 cné/s, andk = because the desorption rate is so low. This dramatic difference
32 L. It is striking that the kinetics of mercaptohexanol- in kinetic behavior suggests that addition of a thiol functionality
mediated desorption of HSg&sDNA can be described using  effects some of the nonspecific interactions. There may be other
the same physical model (egs 5 and 6) used to describe theexplanations for the behavior. One possibility we have explored
kinetics ofadsorption(Figure 6A). Furthermore, the parameters  and ruled out is related to the possibility of disulfide formation
describing the two processes are self-consistent. The initial in the solution. The difference in the diffusion constant for DNA
coverage used in the analysis of the desorption process is thedisulfide as compared to thiol-DNA is sufficient to alter the
same as the final coverage (after rinsing) of the adsorbed HS-kinetics. Control experiments performed with solutions contain-
Cs-sSDNA. The same diffusion constant for Hg-€SDNA ing an excess (8QuM) of tris(2-carboxyethyl) phosphine,
comes out of the kinetic analysis for both adsorption and hydrochloride (TCEP), a compound used for fast quantitative
desorption data. and specific reduction of disulfide bonds and maintaining
Itis not surprising that the calculated desorption rate constant monothiols in a reduced sta¢&show no difference in kinetics.
for the mercaptohexanol displacement step (32/h) is different We confirmed experimentally that TCEP does not adsorb to
than that obtained for the thiol-DNA adsorbing to the bare gold the bare gold surface in DNA-free solution and therefore the
(324/h) (see the previous section). The presence of a small butpresence of TCEP should not affect the kinetics of DNA
measurable amount to mercaptohexanol is likely to have a adsorption.
profound effect on the nature of the DNA surface interactions. (26) Burns, J. A.; Butler, J. C.; Moran, J.; Whitesides, G. MOrg.
Note also that in the mercaptohexanol mediated case, priorChem.1991 56, 2648-50.
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4. Hybridization Kinetics at Surface-Tethered DNA. In of the two-component film can be modeled quantitatively with
another set of experiments, a monolayer film of tethered ssDNA a simple physical model that accounts for simultaneous adsorp-
(HS-Gs-ssDNA/Au with co-adsorbed mercaptohexanol) is ex- tion, desorption, and diffusion of the adsorbate molecule. Kinetic
posed to ssDNA oligomers of fully complementary sequence parameters, such as the diffusion constant and desorption rate
(Step D in Figure 4) and the complement is observed to adsorb.constant, can provide useful physical insights. For example,
In contrast, when the fully noncomplementary sequence is used,while most researchers who utilize self-assembled monolayer
no adsorption is measured. These control experiments indicatetechniques assume implicitly or explicitly that there is no
the absence of nonspecific binding and suggest the occurrenceneasurable desorption rate, our results indicate that the kinetics
of sequence-specific hybridization, which we have confirmed of self assembly of thiol-ssDNA cannot be understood without
through SPRS melting studiésA direct comparison of the  including both desorption and diffusion. The stringency of
adsorption of HS-g&ssDNA and the hybridization of the ssSDNA  constraints placed on the parameters by our model (solutions
complement (scaled by a factor of 3) in panel B of Figure 8 of the differential equations for adsorption, desorption, and
shows a remarkable similarity between the kinetics for these diffusion) as well as self-consistency of parameters between data
two different, interfacial binding processes. The kinetics of sets increase our confidence in the analysis results.
ssDNA hybridization, that is, the adsorption of ssDNA con- We find a sharp contrast in the kinetics of surface-confined
strained to form specific bonds to tethered ssDNA through DNA hybridization, that is, the adsorption and binding of
formation of the double helix (Figure 8B, triangles), is in stark complementary ssSDNA to a surface-tethered oligomer, compared
contrast to the kinetics of nonspecific adsorption of sSSDNA on with adsorption of the same ssDNA onto bare gold. This contrast
bare gold (Figure 8B, squares). Preliminary investigations is not surprising given that complementary DNENA interac-
indicate that the oligomer sequence mismatch and lengthtions leading to hybridization are likely to be far more
strongly affect the kinetics of hybridizatign. constrained than nonspecific adsorption of single strands. We

We find that the kinetic data in this work deviate from the find that hybridization kinetics can be fit with a single step
predictions of various constant flux models including simple model that must include desorption, whereas nonspecific
Langmuir but can be fit self-consistently using the ADD model. adsorption of ssDNA on bare gold shows complex behavior
That is, the kinetics cannot be understood without assuming ainvolving multiple kinetic steps and appears to have a negligible
dynamic equilibrium, which takes into account adsorption and desorption rate constant.
desorption as well as diffusion at the interface. The applicability  Kinetic isotherms from quantitative SPRS are clearly useful
of the ADD model has been observed in our laboratory for a for distinguishing between different types of adsorbate/surface
variety of interfacial reactions. This behavior is also reported interactions, such as constrained versus nonspecific interactions;
in the literature, for example, in the kinetics of highly selective however, further work is needed to more fully interpret the data.
antigen—antibody interactions at interfac&The contribution For example, we observe an apparent similarity in kinetic
of dynamic equilibrium has implications for both fundamental behavior for HS-G-ssDNA adsorption on bare gold, a process
and applied research; however, it has not been invoked in studiesultimately constrained to bind primarily through a single geld
of self-assembly of alkanethiol monolayer films, except in very thiol bond, and the binding of ssDNA to a surface-tethered
few studie<®30 Nevertheless, the mechanism of formation of ssDNA film of complementary sequence, a process constrained
even the simplexh-alkanethiol monolayer films at the gold/  to form specific bonds through formation of the double helix.

solution interface remains a subject of controve¥sy. Both processes are similar in that they show kinetic behavior
_ consistent with a single kinetic step involving adsorption,
6. Conclusions desorption, and diffusion in contrast with the complex behavior

In this paper, we have presented a quantitative study of the S€€N for nonspecific interactions of ssDNA on bare gold.

formation and hybridization of a two-component tethered However, addmonal'work IS underway to'obtaln'a more
ssDNA film and show that each kinetic step leading to formation complete understanding of these constrained interaction kinetics
at interfaces.
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