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Abstract: The dynamics of electron transport within molecular layers of 3'-ferrocenylated 20-mer
oligonucleotide, 5'-thiol end-grafted onto gold electrode surfaces via a six-carbon (Ce) linker, is studied by
cyclic voltammetry. Single-stranded Fc-DNA layers are observed to behave as diffusionless systems
reflecting the rapid dynamics of the ssDNA strand. Following hybridization, the Fc-dsDNA-Cs layers give
rise to a characteristic cyclic voltammetry behavior evidencing that the Fc head is animated by a purely
diffusional motion, which is ascribed to free rotation of the rigid DNA duplex around its Cs anchoring linker.
A model, describing the motion of the Fc head as resulting from hinge motion of the DNA duplex, is
developed allowing the motional dynamics of the Fc-dsDNA-Cs chains to be quantified in terms of an
apparent rotational diffusion coefficient, D,. The value found for D is ~3—4 orders of magnitude slower
than expected for free rotation of dsDNA in solution, pointing to a drastic motion-slowing role of the anchoring
surface. Accessibility of the Fc head for the electron transfer at the electrode is also shown to modulate
the apparent dsDNA dynamics. The dynamics of Fc-dsDNA-Cg is found to be insensitive to the presence
of a single mismatch in the middle of the strand, confirming that charge transport by dsDNA conduction
(DNA CT) is not present for the systems studied here. However, electron transport by free hinge motion of

the dsDNA chain is shown to be fast enough to, a priori, compete favorably with DNA CT.

1. Introduction

The physical process responsible for charge transport within
molecular layers of double-stranded (ds) DNA chains, end-
anchored onto electrode surfaces and bearing a redox label at
their free end, is still actively debated. DNA-mediated charge
transport (DNA CT), an attractive phenomenon well-character-
ized in solution,' was initially thought to be the major, or even
the sole, mechanism responsible for charge transport within these
layers.> However, in previous works,>* we showed that the
dynamics of electron transport within a molecular monolayer
of hybridized 3'-ferrocenylated-(dT), oligonucleotides, 5'-thiol
end-grafted onto gold electrode surfaces via a short two-carbon
(Cy) alkyl linker (Fc-DNA-C, system, IIT in Chart 1), was
actually controlled by the elastic bending of the redox-DNA
duplex toward the electrode surface.

This was the first demonstration that molecular motion of
the whole redox double-stranded (ds) DNA strand, allowing
direct contact of the redox label with the electrode surface is,
in itself, a very efficient charge transport mechanism. These
initial reports triggered a recent reexamination of the contribu-
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Chart 1. Chemical Structure of the 3'-Fc-Labeled Oligonucleotides
5'-End-Grafted onto a Gold Electrode Surface
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tion of DNA CT to the electrochemical response of end-
anchored layers of redox-dsDNA.> In this later work Barton et

(5) Gorodetsky, A A.; Green, O.; Yavin, E.; Barton, J. K. issitis
Chew. 2007, 18, 1434-1441.
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al. concluded that electronic coupling of the redox label to the
base pair stack, either via intercalation or via a conjugated linker,
is necessary for DNA mediated electrochemistry, a conclusion
falling in line with previous results.® An important consequence
of this restraining condition is that molecular motion of the
whole dsDNA strand is left as the sole plausible charge transport
mechanism for the numerous redox-dsDNA systems where such
an electronic coupling is lacking.’

Concomitantly, Plaxco, Heeger et al. showed that the actual
signaling mechanism of electrochemical DNA sensors (E-DNA
sensors)’ implies collision of the redox head with the electrode
surface.® These sensors usually consist of a layer of redox end-
labeled single-stranded (ss) probe-DNA strands, either linear
or forming a stem-loop,”? thiol end-grafted onto surfaces via
an alkyl linker, usually a six-carbon (Ce) alkyl linker. It was
consequently concluded that the sensitivity of E-DNA sensors
toward detection of the complementary target probe in solution
resulted from the changes of motional dynamics of the end-
grafted DNA probe upon hybridization,® a result in agreement
with our earlier work.?

Many other types of electrochemical DNA sensors, not
necessarily involving terminal attachment of the redox label to
the DNA probe, are also reported in the literature.'® However,
no matter the exact design of the sensor, the question arises:
what is the nature of the electron-transport process within end-
anchored DNA layers?

It is therefore highly desirable to gain more insights,
preferably quantitative insights, into the way molecular motion
of end-anchored redox-DNA strands actually contributes to the
electrochemical response of redox-DNA layers. Studying the
dependence of the electrochemical behavior of these layers as
a function of the chemical structure of the end-grafted DNA
strands can yield useful information for the optimization of the
performances of E-sensors. Equivalently, but more fundamen-
tally, considering the experimental difficulty in addressing the
properties of nanometer-sized DNA strands (oligonucleotides),"'
it is also of a great interest to determine which information can
be gained regarding the physical properties of short DNA strands
from the electrochemical study of end-anchored redox-DNA
systems.

In this context, the first aim of the present work is to
investigate the respective roles of the surface-linker, connecting
the DNA probe to the electrode surface, and of the Fc-linker,
connecting the Fc head to the probe DNA strand, on the
electrochemical response of end-grafted Fc-DNA systems. To
achieve this goal two low-density Fc-DNA systems, denoted I
and II in Chart 1, both anchored to a gold surface via a
commonly used Cg linker, but differing by a markedly dissimilar
chemical structure of their Fc linkers, are assembled onto gold

(6) Inouye, M Ikeda, R.; Takase, M.; Tsuri, T.; Chiba, J. Bigcebicih
2005 102, 11606—11610

(7) (a) Fan, C.; Plaxco K. W.; Heeger, A. J.

2003, 100 9134—9137 (b) Immoos, C. E.; Lee, S. J.; Grinstaff, M. W
2004, 5, 1100-1104.

(8) Ricci, F.; Lai, R. Y.; Heeger, A. J.; Plaxco, K. W.; Sumner, J. J.
pnrn 2007, 23, 6827—6834.

(9) Ricci, F.; Lai, R. Y.; Plaxco, K. W ity 2007, 3768-
3770.

(10) (a) Odenthal, K. J.; Gooding, J. J. Agglugt 2007, /32, 603-610. (b)
Gooding, J. J. inessissy 2002, /4, 1149-1157, and references
therein.

(11) (a) Lankas, F. Rishekicis 2004, 73, 327-339, and references therein.
(b) Wiggins, P. A.; Van der Heijden, T.; Moreno-Herrero, F.;
Spakowitz, A.; Phillips, R.; Widom, J.; Dekker, C.; Nelson, P. C. Ngt,
sisisskied 2006, /, 137-141.

electrodes. Oligothymine (dT) sequences are chosen for all of
the Fc-DNA “model” systems studied here since it is well
established that thiolated-oligo(dT) chains have the property of
forming well-defined end-anchored layers on bare gold
surfaces.>'?"'* The voltammetric behavior of these Fc-DNA-
Cs systems are studied and compared one with another and with
the one we previously reported for the Cy-anchored Fc-DNA
system IIL.

The second purpose of this work is to develop a suitable
model allowing the voltammetric response of Cg-end-anchored
redox-DNA systems to be quantitatively described on the basis
of parameters related to the underlying dynamics of the DNA
chain itself. It is hoped that this model will, in the future, allow
the electrochemical behavior of redox-DNA systems to be
compared one with another on the basis of physically relevant
parameters.

The role of DNA-mediated charge transfer is also investigated
by comparing the voltammetric behavior of a layer of end-
anchored Fc-DNA probe hybridized with perfectly matched and
mismatched strands.

2. Experimental Section

Materials. The precursor sequence 3'-(dT),9-Cs-5" oligonucle-
otide featuring a (CHz)s-S-S-(CH,)6-OH protected thiol at the 5'-
terminus was purchased from Cybergene (Evry, France). All other
ferrrocene-unlabeled DNA oligonucleotides were purchased from
Eurogentec (Seraing, Belgium) and were Oligold purified grade
products.

All chemicals and solvents were analytical grade and used
without further purification. All reactions were carried out in
polypropylene tubes under an inert atmosphere and protected from
light. All aqueous solutions were made with Milli-Q purified water
(Millipore). Phosphate buffer was made of 49 mM pH adjusted to
7.0 with a 1 M NaOH solution.

Cyclic Voltammetry Measurements. Aqueous 1 M NaClO,
containing 25 mM phosphate buffer (pH 7.0) was used as the
electrolyte solution for all electrochemical studies. Electrochemical
experiments were performed with a conventional three-electrode
configuration consisting of a gold-disk working electrode, a
platinum wire counter electrode, and a KCI saturated calomel
electrode (SCE) reference electrode. The SCE reference electrode
was separated from the supporting electrolyte solution with a bridge
terminated with a glass frit, containing, for the characterization of
the Fc-DNA layers, an aqueous solution of 1 M NaCl. For the
electrochemical pretreatment of the gold electrodes the bridge
contained 1 N H,SO4. The peak potentials were measured with an
accuracy of 5 mV. For potential scan rates v up to 500 V/s, all
electrochemical experiments were performed using a conventional
instrumentation equipment.'>® For high scan rate cyclic voltammetry
of the DNA-modified electrodes, the signal generator was a Hewlett-
Packard 3314A, and the curves were recorded with a Tektronix
TDS 430A oscilloscope with a minimum acquisition time of 5 ns

(12) (a) Kimura-Suda, H.; Petrovykh, D. Y.; Tarlov, M. J.; Whitman, L. J.
1 2003, 725, 9014-9015. (b) Petrovykh, D. Y.; Pérez-
Dieste, V.; Opdahl, A.; Kimura-Suda, H.; Sullivan, J. M.; Tarlov, M. J.;
Himpsel, F. J.; Whitman, L. J. Legguugs 2004, 20, 429-440. (c)
Kimura-Suda, H.; Petrovykh, D. Y.; Tarlov, M. J.; Whitman, L. J.

. 2006, 128, 2-3.

(13) (a) Storhoff, J. J; Elghanian, R; Mrkin, C. A; Letsinger, R. L. Lgugiuds
2002, 18, 6666-6670. (b) Demers, L. M.; Ostblom, M.; Zhang, H.;
Jang, N.-H.; Liedberg, B.; Mirkin, C. A. | 2002,
124, 11248-11249.

(14) Wolf, L. K.; Gao, Y.; Georgiadis, R. M. Lggguy 2004, 20, 3357—
3361.

(15) (a) Anne, A.; Demaille, C.; Moiroux, J. jniiimiam. 1999, /21,
10379-10388. (b) Anne, A.; Demaille, C.; Moiroux, J. juisisin
Soc. 2001, 123, 4817-4825.
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per point; a home-built potentiostat with a large bandwidth was
used.'® This ultrafast equipment, associated with a low solution
ohmic drop, rendered minimal by the high conductivity of aqueous
1 M NaClO4 supporting electrolyte, allowed the reliable electro-
chemical measurement of grafted Fc-DNA electrode responses with
no detectable distortion of the signals. Cyclic voltammograms were
recorded without ohmic drop compensation. All potentials are
reported versus SCE. The temperature in all electrochemical
experiments was 20 °C.

Synthesis of the 5'-C¢-Protected Thiol 3'-Ferrocene-modi-
fied Oligonucleotides. The Fc-C7-(dT),-Cg oligonucleotide, featur-
ing a protected thiol function linked to the 5'-terminus via a Cg
alkyl linker, and a ferrocene moiety linked to the 3'-terminus via a
CHCH,0OH(CH,)s (C7) linker was prepared as its disulfide [Fc-C7-
(dT)0-CeS]o-dimer, and purified as already described.'” The redox
labeled FcddU-(dT);9-Ce-5" oligonucleotide, carrying a ferrocene
2'-deoxyuridine unit linked to the 3'-terminus, was prepared by
enzymatic TDT 3'-end labeling of 3'-(dT);o-C¢-5" oligonucleotide
using a FcddUTP nucleotide terminator'® following a procedure
modified from reference 18. Approximately 5 nmol of 3'-(dT);o-
Ce-5" (~10 uM) and 100 nmol of FeddUTP (0.21 mM) in TDT
reaction buffer (480 L) containing 25 mM Tris-HCI and 100 mM
potassium cacodylate, pH 7.2, 5 mM CoCl, and 0.2 mM dithio-
threitol were mixed with 500 units (20 uL) of terminal deoxy-
nucleotidyl transferase TDT (Roche Molecular Biochemicals
(Boehringer, Mannheim)). The reaction was allowed to proceed
for 3 h at 37 °C. Then the mixture was passed over a C;g Sep-Pak
cartridge (Waters Millipore Corp (Milford, MA)).TDT enzyme,
reaction buffer components, and unreacted ferrocene were removed
by washing gradually the cartridge with 0.1 M aqueous triethy-
lammonium acetate pH 7.0 (eluent A) containing from 10% to 15%
acetonitrile. The desired ferrocene oligonucleotide was further eluted
from the column with about 3 mL of 25% acetonitrile in A. The
collected fractions were concentrated by lyophilization, and then
purified by HPLC on a reverse phase C18 column with acetonitrile
and triethylammonium acetate as the eluents. Appropriate fractions
were collected and lyophilized to afford the oligonucleotide
extended at the 3'-end with a FcddU label, FcddU-(dT);9-Cg-5'.
Average isolated yield 75%. MS (MALDI-TOF) (+) data: m/z (M
+ H)+, 661402, C227H299N410142P2082FC requires 6613.50.

Pretreatment of the Polycrystalline Gold Electrodes. Gold disk
working electrodes were constructed by sealing lengths of gold wire
(99.99%, Goodfellow) (0.5 mm diameter) within polypropylene
bodies. For all experiments, the electrodes were polished to a mirror
finish using progressively finer grades of alumina polishing suspen-
sions (3, 0.5 and 0.05 um, Buehler) followed by ultrasonication in
water and ethanol. The freshly polished electrodes were electro-
chemically cleaned by cyclic voltammetry at the scan rate of 0.2
V s'”in 1 N H,SO, as reported previously.'® The final electro-
chemical oxidation step was followed by electrochemical reduction
of the gold oxide monolayer via a reverse potential scan down to
+ 0.2 V. The thus pretreated gold electrodes were quickly rinsed
with water and ethanol, and then immediately used for reaction
with thiolated Fc-DNA. The effective areas of the electrodes Sy,
were derived from the charge associated with the gold oxide
reduction peak and typically correspond to a roughness factor of
~3.

Preparation of Fc-DNA-Cg-Modified Gold Electrodes. The
thiolated oligonucleotides Fc-DNA-C¢SH were prepared immedi-
ately before use by reduction of the corresponding disulfide, and
HPLC purified, as described previously.'” The final aqueous

(16) Hapiot, P.; Moiroux, J.; Savéant, J.-M. il 1990. /10,
1337-1343.

(17) Wang, K.; Goyer, C.; Anne, A.; Demaille, C. jniiiniisl 2007,
111, 6051-6058.

(18) Anne, A; Blanc, B.; Moiroux, J. | 2001, /2, 396—
405.

(19) Anne, A.; Demaille, C.; Moiroux, J. iy 2002, 35, 5578—
5586.
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assembly solution contained ~30 uM of 5'-thiol-terminated oligo-
nucleotide in triethylammonium acetate, EtNH', AcO™ (TEAA,
~0.35 M), pH 7.0. Self-assembly of the Fc-DNA layer was carried
out as described in the Results section.

TDT-Mediated 3 FcddU Redox End Labeling of a
(dT)19-Cs-Modified Gold Electrode. Enzymatic FcddU redox
labeling was performed as previously described,?® by incubating
(dT)jo-reactant gold surface with TdT recombinant (Roche Diag-
nostics, France), in a Tris-HCI buffer solution containing ~60 uM
of a FcddUTP nucleotide terminator at 37 °C for 2 min. We
previously demonstrated that following such a procedure TdT
incorporates rapidly and quantitatively the Fc-labeled chain termi-
nator at the free 3'-end of the (dT),o monolayer to yield a molecular
layer of FeddU-(dT),o-Cs whose structure is detailed in Chart 1.

Hybridization of the Fc-ssDNA Surfaces. See Results and
Discussion sections.

Dehybridization of the Fc-dsDNA Surfaces. Dehybridization
of the end-grafted Fc-(dT-dA),y and Fe[ddU-(dT)9(dA)xo]-strands
was carried out by soaking the gold electrodes in a 10 mM NaClO4
solution at room temperature for ~12 h. As previously reported,
this gentle dehybridization technique yields slow but complete
dehybridization of the end-grafted Fc-dsDNA at room temperature.
Comparison of the low scan rate cyclic voltammograms recorded
before and after dehybridization showed that no chain loss occurred
during dehybridization.

3. Results

3.1. Characterization of the FcddU-(dT)9-C¢ Modified
Gold Electrode, Fc-DNA-Cq Systeml. 3.1.1. Assembly and
Characterization of the Single-Stranded Layer by Cyclic Vol-
tammetry. A molecular monolayer of FcddU-(dT);9-Cg strands
was 5'-thiol end-grafted onto a polycrystalline gold electrode
surface by reacting the electrode with a ~10 uM solution of
FeddU-(dT)9-Ce-SH for ~16 h under argon (see Experimental
Section).

The resulting FcddU-(dT);9-C¢-modified gold electrode was
immersed in a 1 M NaClO4 aqueous solution and characterized
by cyclic voltammetry. As exemplified in Figure 1a (blue trace),
for scan rates up to v = 100 V/s the cyclic voltammogram of
the FeddU-(dT)9-Cg electrode displays a remarkable reversible
faradaic signal, whose features are as expected for an ideal
Nernstian surface-bound species such as Fc-ssDNA:** the peak
heights are proportional to the scan rate v, and the peak-to-

i{uA)
L5717 20Vi/s

Figure 1. Cyclic voltammograms at a 0.5 mm diameter gold disk electrode
bearing a 5'-end-grafted low density layer of FcddU-(dT);9-Ce, I, before
hybridization (blue trace) and after complete hybridization of the layer by
complementary unlabeled dAj strands (green trace). The scan rate is: (a)
v = 20 V/s and (b) v = 1000 V/s. The dashed curves correspond to
background signals recorded after the DNA layer was cathodically stripped.
Raw and background subtracted signals are shown. Temperature 7' = 20
°C. Supporting electrolyte: 1 M NaClO4 + 25 mM sodium phosphate buffer
pH 7. Surface coverage I' = 4 x 10~ '? mol/cm?.
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peak separation is less than 10 mV, indicating that charge
transfer kinetics does not interfere.

The standard potential of the Fc head, as determined from
the common value of the anodic and cathodic peak potentials,
E° =130 £ 10 mV/SCE, is close to the one previously reported
for Fc-ssDNA freely diffusing in aqueous solutions,** showing
that the environment experienced by the Fc heads borne by the
strands is similar in both cases. In addition, the peak width at
midpeak height is ~95 mV, which is close to the predicted value
of 90 mV for identical, non-interacting tethered redox centers,
located outside the double layer.>' Therefore, integration of the
background-subtracted peak currents provided the coverage in
Fc heads, and hence in FcddU-(dT)9-C¢ chains. The chain
coverage thus found was (2—4) x 10~ "2 mol/cm? (per effective
electrode surface area); this value corresponds to an average
interchain distance of ~7—9 nm, which is comparable to the
overall length of the FcddU-(dT);9-Cs molecule Ly ~ 12 nm
[contour length of ddU-(dT);9 = 10 nm,?? + ~1.8 nm,> for
the surface Cq and Fc linkers (see Chart 1)]. As a result, lateral
interactions between neighboring grafted chains are minimal
for this system.**

At high scan rates (v > 100 V/s), and as shown in Figure
1b, the voltammograms retained their symmetrical morphology
typical of surface signals. However, the peak-to-peak separation
increases due to the contribution of the rate of the heterogeneous
electron transfer to the kinetic control of the faradaic current.

As seen in Figure 2a (open symbols), the ratio of the anodic
peak current, iy, over the scan rate remained approximately
constant up to v & 1000 V/s, indicating that motional dynamics
of the ferrocene head of FcddU-(dT);9-Cs (i.e., the frequency
at which the Fc head collides with the electrode) is too fast to
be accessed within the scan rate range we explored.

The scenario of a flat-lying (adsorbed) FcddU-(dT);9-Cs
strand, which would result in identical voltammetric character-
istics, is made unlikely by the fact that oligo(dT) sequences
were repeatedly shown to display low adsorption affinity for
bare gold surfaces.*'*'* Accordingly, cyclic voltammetry
studies of Fc-(dT)y in solution, that we reported previously,
did not show any sign of adsorption of the Fc-DNA chains.*
Moreover AFM-SECM studies of the very same DNA system
considered here showed that the Fc head of FcddU-(dT);9-Csg
explores a volume above the surface compatible with free
thermal motion of the end-grafted strand in a fully elongated
conformation.® Under such conditions the voltammetric be-
havior of the system is identical to the one of a thin layer cell
(TLC),> of a thickness comparable with the overall length of
the strand, within which the Fc head diffuses rapidly. This
behavior can be quantitatively described as reported by Laviron
for the case of a slow electron transfer to a surface-confined
species.”® The variation of Ej, and Ej. can then be fitted using
an overall apparent electron transfer rate ky as a single

(20) Anne, A.; Bonnaudat, C.; Demaille, C.; Wang, K. il
2007, 129, 2734-2735.

(21) Smith, C. P.; White, H. S. geisiialigigg 1992, 64, 2398-2405.

(22) Mills, J. B.; Vacano, E.; Hagerman, P. J. jldgimitiad 1999, 285,
245-257.

(23) As measured from molecular models.

(24) Rant, U.; Arinaga, K.; Fujita, S.; Yokoyama, N.; Abstreiter, G.;
Tornow, M. g 2004, 20, 10086-10092.

(25) Hubbard, A. T.; Anson, F. C. In Electroanalytical Chemistry; Bard,
A. J., Ed.; Marcel Dekker: New York, 1982; Vol. 4, pp 129—-214..

(26) (a) Laviron, E. Voltammetric Methods for the Study of Adsorbed
Species. In Electroanalytical Chemistry; Bard, A. J., Ed.; Marcel
Dekker: New York, 1982; Vol. 12, pp 53—157. (b) Laviron, E. J
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Figure 2. Scan rate, v, dependence of the anodic peak current ip, and of
the anodic and cathodic peak potentials, E,, and E,, of the cyclic
voltammograms recorded at a gold electrode bearing a 5'-end-grafted layer
of FeddU-(dT);9-Ce, I, before (open symbols) and after (filled symbols)
hybridization by: fully complementary (dA), (black symbols), mismatching
5'-(dA)10dC(dA)e-3" (blue triangles), and mismatching 5'-(dA)odG(dA)e-
3" (red diamonds). In (a) and (b) the peak current is normalized versus v
and (v)'"? respectively, and versus the total amount of Fc heads (Ng = Sefr
x TI'). The continuous lines correspond to a theoretical fit of the data obtained
for the hybridized DNA layer, using the rotational diffusion model with D,
=2300s"', A = co. The dotted line corresponds to a fit of the data obtained
for the nonhybridized DNA layer, using Laviron’s theory for surface-bond
species (TLC model) with a transfer coefficient oe = 0.5 and ko = 2 x 10*
s~ 1.2* The dashed line in (b) represents the theoretical in/(v)"* vs log(v)
variation calculated using the elastic bending model previously reported,
which describes the motion of the Fc head as resulting from elastic bending
of the duplex, and reproduces the experimental behavior of a layer of Fc-
(dT)20-C», II1, hybridized by (dA)z.

experimental parameter. As seen in Figure 2c this yields a
reasonable agreement between the experimental (white dia-
monds) and calculated (dotted curve) peak potential variations,
and to a best fit value of ko = (2 & 0.5) 10* s~". For the TLC
model ko is related to &, the apparent thickness of the layer,
and ks, the heterogeneous rate constant for the electron transfer
between the electrode and the Fc head: ky = ky/e. Taking ¢ =
L = 12 nm one obtains: ks ~ (2.4 £ 0.6) x 1072 cm/s. This
ks value is comparable to the one measured for freely diffusing
Fc-tagged ssDNA chains III in solution, which was of (5 £ 2)
x 1072 cm/s.*

For v > 1000 V/s we consistently observed that the i,/ ratio
decreased below the value predicted by the TLC model (see
dotted line in Figure 2a). This indicates that, for v ~ 1000V/s,
the observation time of cyclic voltammetry, t, = RT/Fv,
becomes sufficiently short to be in the order of 7, the motional
time characterizing the dynamics of FcddU-ssDNA. Therefore,

J. AM. CHEM. SOC. = VOL. 130, NO. 30, 2008 9815
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one can estimate that 7., > f, i.e. that fg is less than 0.1 ms
(1t > 10* s71).

3.1.2. Cyclic Voltammetry Behavior of the Posthybridized
Layer.

3.1.2.1. Perfectly Matched Duplex: Hybridization by the
Fully Complementary (dA),) Target. The FcddU-(dT);9-Ce-
bearing electrode was immersed in a ~10 4M solution of fully
complementary (dA)y target in 1 M NaClO4 (50 mM sodium
phosphate buffer, pH 7.0) solution at 20 °C for ~2 h to yield
the fully hybridized layer.

As seen in Figure la (green trace), at slow scan rates (v <
100 V/s), the voltammogram recorded for the hybridzed layer
is very similar to the one recorded before hybridization and also
displays all the characteristics of a Nernstian surface signal. Such
a behavior ascertains that all the Fc heads are given sufficient
time to reach the electrode surface. The measured E° for the
Fc head borne by the DNA duplex is ~130 = 10 mV/SCE.
This value is similar to the one measured for single-stranded
FcddU-(dT)9-Ce showing that the environment experienced by
the Fc head is unaltered by hybridization. Integration of the
voltammogram yields a surface coverage which is ~15% less
than the value obtained before hybridization, showing that chain
loss upon hybridization is minimal. Considering that the contour
length of (dT)x0(dA)sg is ~6.8 nm?*? and taking ~2 nm for the
length of the linkers,® the overall length Ly of Fc[ddU-
(dT)19(dA)20]-Cg is estimated to be ~9 nm, i.e. ~3 nm shorter
than FcddU-(dT);9-Ce. As a result lateral interactions between
the anchored DNA chains within the hybridized layer are
expected to be even weaker than before hybridization.

As the scan rate is raised above 100 V/s, the voltammetric
behavior of the hybridized layer departs significantly from the
ideal surface behavior recorded before hybridization. As seen
in Figure 2a (filled symbols), the ip./v ratio decreases sharply
down to very low values reached for v > 1000 V/s. In this
regime the dsDNA signal is notably less intense than the one
recorded before hybridization (compare blue and green traces
in Figure 1b), indicating slower dynamics for FcddU-dsDNA
as compared to that for FcddU-ssDNA. However, even at such
high scan rates the hybridized layer gives rise to a faradaic signal
that is easily distinguished from the background current (Figure
1b). Indeed, subtracting the background current, recorded at the
electrode after the DNA layer has been cathodically stripped
(black dotted traces in Figure 1), from the overall signal allows
the faradaic component of the voltammogram to be extracted
straightforwardly and accurately up to the highest scan rates
explored, where the capacitive current tends to dominate the
signal. As a result, and as seen in Figure 3a—d, well-defined
background-corrected voltammograms can be obtained for scan
rates up to v = 5000 V/s and faster. Strikingly, when the faradaic
signal is plotted as i/()""? versus potential (Figure 3), the signal
magnitude remains almost constant over a scan rate range
covering 1 order of magnitude, from 500 V/s up to 5000 V/s.
Moreover, the morphology of the voltammograms is then typical
of a species undergoing free diffusion.

This peculiar behavior can be conveniently visualized by
plotting the peak current function, defined as the ip/(v)' ratio,
vs log(v), as presented in Figure 2b (filled symbols). It is seen
that, whereas the peak current function recorded for the FeddU-
ssDNA layer increases continuously with scan rate, as expected
for a surface process (open symbols), the variation of the peak
current function for the duplex deviates from this surface-like
regime to become clearly plateau-shaped from v > 500 V/s.
For v > 2000 V/s, and as the scan rate is raised, the peak current
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Figure 3. Cyclic voltammograms at a 0.5 mm diameter gold disk electrode
bearing a 5'-end-grafted layer of FcddU-(dT);9-Cg, I, layer hybridized by
fully complementary (dA),o target strands. The scan rate v is indicated near
each voltammogram. The current (i in #A) is normalized by (v)"%. The
signals recorded after cathodic stripping of the DNA layer were used as
backgrounds and subtracted from the raw signals. Background-subtracted
signals are shown. Temperature 7 = 20 °C. Supporting electrolyte: 1 M
NaClO4 + 25 mM sodium phosphate. buffer pH 7. Fc-DNA surface
coverage I' = 4 x 10~'? mol/cm?.

function is seen to depart from the plateau and to increase very
slightly. This minute deviation from the plateau may be
equivalently attributed to a wvery small amount of either
unhybridized chains or adsorbed Fc-DNA chains, both giving
rise to surface signals characterized by continuously increasing
ipa/(u)”2 vs log(v) variations.

The variations of Ep, and E, the anodic and cathodic peak
potentials of the voltammograms, are plotted in Figure 2c. It is
seen that for v > 50 V/s and up to 200 V/s the anodic peak
shifts positively and the cathodic peak shifts negatively. For v
= 200—1000 V/s, Ep, and E,. remain approximately constant,
and the peak-to-peak separation AE, =FE,. — Ep; is then in the
60—80 mV range.

Importantly, we observed that following dehybridization of
the end-grafted Fc-dsDNA strands, carried out under mild
conditions (see Experimental Methods), the voltametric behavior
of the Fc-ssDNA layers was fully restored. This result provides
evidence that, as previously shown for the C2-anchored DNA
system (IID),? the electrochemical behavior of the Fc-DNA-C6
layer is specifically (and reversibly) modulated by the hybridiza-
tion/dehybridation of the anchored Fc-DNA chains. Finally, it
is noteworthy that a voltammetric behavior identical to the one
described above was also observed for C¢-dT;9 5'-thiol end-
grafted onto gold electrodes, and subsequently surface 3'-end-
labeled by TDT enzyme in the presence of the FcddU nucleotide
terminator. This result confirms that surface labeling of end-
anchored C¢-dT)9 chains by TDT/FcddU is a convenient way
to produce well-defined FcddU-(dT);0-Cy layers.?°

3.1.2.2. Behavior of the Single-Base Mismatched Duplexes.
In separate experiments FcddU-(dT);9-C¢ bearing electrodes
were hybridized by 5'-(dA)0dC(dA)e-3" and 5'-(dA)0dG(dA)e-
3" targets to yield respectively CT and GT mismatched duplexes.
The targets were selected so that the single-base mismatch would
be positioned close to the center of the duplex. This is expected
to lower the melting temperature of the hybridized strand in
solution from ~55 °C for the perfectly matched case down to
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~46 °C for both the CT and GT mismatched case (1 M Na™),’
this value is a priori still sufficiently higher than the working
temperature of 20 °C to ensure stability of the duplex during
the voltammetric characterization. This predicted stability is
confirmed by the observed perfect repeatability of the signals
recorded over several hours.

Both of the mismatched duplexes examined here were observed
to give rise to a voltammetric behavior identical to the one described
above for the perfectly matched duplex. This is exemplified in
Figure 2b where the variation of the peak current function vs log(v)
for the mismatched and perfectly matched duplexes are compared.
One can see that the variations corresponding to the CT mismatch
(blue triangle), GT mismatch (red diamond), perfect match (black
circle) are indistinguishable. This result excludes electron conduc-
tion through the dsDNA base stack (so-called DNA CT)? as a
possible charge transport mechanism for the present system, since
DNA CT is extremely dependent on the presence of mismatched
bases in the DNA base stack.”®

The above voltammetric behavior for the hybridized FcddU-
(dT)20-Cg layer differs significantly from the one we previously
reported for an experimental system consisting of a hybridized
layer of Fc-(dT),0-C, II1, (see Chart 1), for which a characteristic
bell-shaped (and not a plateau-shaped) variation of the peak
current function vs log(v) was observed.* As can be seen from
Chart 1, these experimental systems differ by a markedly
dissimilar chemical structure and/or length of: (i) the linker
between the Fc head and the DNA chain (Fc linker) and (ii)
the linker between the DNA and the electrode (surface linker).
In order to assess independently the role of these linkers on the
voltammetric behavior of the redox-DNA layers, a layer of Fc-
C7-(dT)20-Ce,II, which bares a Fc linker similar to I and a thiol
linker similar to III was assembled onto a gold electrode and
its voltammetric behavior characterized.

3.2. Characterization of the Fc-C;-(dT),y-C¢-Modified Gold
Electrode, Fc-DNA-Cq System I1.

3.2.1. Assembly and Characterization of the Single-Stranded
Layer by Cyclic Voltammetry. Assembly of the Fc-C7-(dT)yo-
Ce layer on a gold electrode surface was carried out by reacting
the freshly HPLC-purified 5'-thiol-terminated Fc-C7-(dT),0-Ce-
SH oligonucleotide with the gold electrode for about 16 h at
ambient temperature in a deaerated solution protected from light
(see Experimental Section). The modified gold surface was then
carefully washed with 1 M aqueous NaClO4 and characterized
by cyclic voltammetry in the same medium. As seen from Figure
4a (open symbols), the voltammetric behavior of the Fc-Cy-
(dT)20-Cs layer is typical of the one of a surface confined
species: the iy,/v ratio remains almost constant up to 1000 V/s.
The peak-to-peak separation remains less than 10 mV up to
v =150 V/s allowing a value of E° = 140 mV/SCE to be derived
for the standard potential of the Fc head from the value of the
anodic and cathodic peak potentials. Integration of the volta-
mmograms yields a coverage in Fc heads (and thus in Fc-Cy-
ssDNA) of 2—3 x 10" mol/cm?, showing that low-density
layers are assembled.

As seen in Figure 4 (open symbols), for v > 100 V/s, the
ipa/v ratio (Figure 4a) is observed to decrease slightly and the

(27) As calculated from the HYTHER Calculator; Peyret, N.; SantaLucia,
J., Jr. Wayne State UniversityDetroit, MI, version 1.0, using a | mM
concentration for both strands, see. (a) Santalucia, J.
Sl 1998, 95, 1460-1465. (b) Peyret, N.; Seneviratne, P. A.;
Allawi, H. T.; Santalucia, J. Sinskekdsss 1999, 38, 3468-3477.

(28) Kelley, S. O.; Boon, E. M.; Barton, J. K.; Jackson, N. M.; Hill, M. G.
I 1999, 27, 4830-4837.
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Figure 4. Scan rate, v, dependence of the anodic peak current, iy, and of
the anodic and cathodic peak potentials, Ep, and Ep, of the cyclic
voltammograms recorded at a gold electrode bearing a 5'-end-grafted layer
of Fc-C7-(dT)20-Ce, II, before (open symbols) and after (filled symbols)
hybridization by the fully complementary (dA). In (a) and (b) the peak
current is normalized versus v and (v)'/?, respectively, and versus the total
amount of Fc heads (Ny = Setr x I'). The continuous lines correspond to a
theoretical fit of the data obtained for the hybridized DNA layer, using the
rotational diffusion model with D, = 200 s~ !, A = co. The dotted line
corresponds to a fit of the data obtained for the nonhybridized DNA layer,
using Laviron’s theory for surface-bound species (TLC model) with a
transfer coefficient o = 0.5 and ko = 1.5 x 10* s7'.2% The dashed line in
(b) represents the theoretical ipa/(y)” 2 vs log(v) variation calculated using
the elastic bending model previously reported, which describes the motion
of the Fc head as resulting from elastic bending of the duplex, and
reproduces the experimental behavior of a layer of Fc-(dT)y-C,, III,
hybridized by (dA)so.

peak-to-peak separation to increase (Figure 4c). AFM/SECM
characterization of a layer of grafted Fc-C7-(dT),0-C¢ showed
that the end-anchored chains were undergoing free thermal
motion above the surface.'” It is thus reasonable to conclude
that the surface regime observed for Fc-C7-ssDNA layers is due
to the ssDNA chains undergoing fast motional dynamics, and
to interpret the present results on the basis of the TLC model.
Proceeding as described above this yields a value of: ko = (1.5
+ 0.5) 10* s~'. Taking for the contour length of (dT)yg of ~10
nm?>? and taking this time ~2.3 nm for the length of the linkers,”
the overall length Ly of Fc-Cy-(dT)20-Cg is estimated to be ~12.3
nm. Consequently, taking ¢ = Ly the TLC model yields: ks ~
(1.9 4 0.5) x 107> cm/s. This k value is close to, albeit slightly
smaller than, the one measured for a layer of Fc-C;-ssDNA
chains I. For v = 1000 V/s the i, /v ratio is observed to be
slightly lower than expected from the TLC model (Figure 4a),
pointing to a motional time # of the single-stranded chains such
that: f, < 0.1 ms.

3.2.2. Cyclic Voltammetry Behavior of the Posthybridized
Layer. The Fc-C7-(dT)-Ce layer was quantitatively hybridized
by exposing the DNA bearing surface to a ~10 M solution of
the full complementary strand (dA)p in 1 M NaClOy4, 50 mM
sodium phosphate buffer pH 7.0, for 1.5 h at 18 °C. The surface
was then thoroughly washed with a 1 M NaClO; solution and
characterized by cyclic voltammetry.
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Scheme 1. Possible Types of Electron Transport Mechanisms: (a) Direct Electron Transfer through the DNA Base Stack (DNA CT); (b)
Elastic Bending of the Fc-dsDNA rod; (c) Free Rotational Motion of the Fc-dsDNA Rod

L~10nm

Gold Electrode

At low scan rates (v < 10 V/s) the characteristics of the
recorded signals were in agreement with the ones expected for
a surface confined species: the peak current was proportional
to scan rate (i.e., the ip,/v ratio was constant, see Figure 4a,
filled symbols) and the peak separation was small ~10—20 mV
(Figure 4c¢). The standard potential of the Fc head, derived from
the common value of the anodic and cathodic peak potentials,
was 140 £ 10 mV/SCE, showing that the environment
experienced by the Fc head is not significantly modified upon
hybridization. The surface coverage, obtained by integration of
the voltammograms, was only ~20% lower than before
hybridization, showing that a small number of chains was lost
upon hybridization.

At higher scan rate (v = 20 V/s) the variation of the peak
current function is seen to depart from the one observed before
hybridization and to reach a plateau for v > 100 V/s (Figure
4b, filled symbols). Within the same range of scan rates the
peak-to-peak separation increases to reach a value of ~70 mV
at v = 100 V/s. Beyond 100 V/s the peak-to-peak separation
increases continuously.

The prominent feature of the experimental results presented
above is that, for both of the hybridized Fc-DNA-Cg¢ systems
explored here, a clear departure from the surface regime is
observed at high enough scan rate. Diffusionless electron transfer
to the Fc head (DNA CT, Scheme 1a) can therefore be excluded
as the electron transport mechanism within the Fc-dsDNA layers
since this would have precisely resulted in the persistence of a
surface behavior (i.e., scan rate-independent i,,/v ratio or
equivalently continuously increasing ip/(v)"* ratio).*®

Interestingly, electron transport by elastic diffusion of the Fc
head, resulting from the bending of the DNA duplex toward
the electrode surface (Scheme 1b), can also be excluded since,
as we previously demonstrated, such a motion would have
resulted in a bell-shaped i,./(v)'"* variation, and in an “extinc-
tion” of the faradaic signal at high scan rates.* At the opposite,
the very fact that a very distinctive plateau can be identified in
the ip/(v)"* vs log(v) plot demonstrates unambiguously that
molecular motion of the Fc head to and away from the electrode
surface is a purely diffusional process.>’ Considering the fact
that the Fc head is covalently attached to the dsDNA duplex
via a linker much shorter than the contour length of the duplex,
diffusion of the Fc-head toward the electrode surface necessarily
results from the global motion of the dsDNA rod. The
involvement of dsDNA chain motion is confirmed by the fact

(29) (a) Andrieux, C. P. Savéant, J.-M. Electrochemical Reactions. In
Investigations of Rates and Mechanisms of Reactions, Techniques in
Chemistry; Bernasconi, C., Ed.; Wiley: New York, 1986; Vol. 6, 4/E,
Part 2, pp 305—390. (b) Bard, A. J.; Faulkner, L. R. Electrochemical
Methods: Fundamentals and Applications, 2nd ed.; John Wiley &
Sons: New York, 2000; pp 226—231..
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that we observed a slowing of the overall dynamics in high-
density DNA systems, i.e. for I' > 2 10~'? mol/cm?, where
sterical interactions between neighboring end-grafted dsDNA
chains are expected to hinder chain motion (data not shown).?+3°
Bearing in mind the relative stiffness of the duplex,*’ we are
thus led to conclude that rotational motion of the whole Cg-
anchored duplex around its anchoring point is the diffusional
mechanism allowing the Fc head to approach sufficiently from
the electrode to exchange an electron with it (Scheme 1c). A
model, describing the voltammetric behavior of the ferrocene
head diffusing as a result of the hinge motion of the DNA
duplex, is described below.

4. Theory

4.1. Rotational Dynamics of an End-Anchored dsDNA
Rod. Free hinge motion of the end-anchored Fc-bearing dsDNA
strand can be represented as seen in Scheme lc. Since this
motion is driven by thermal agitation, the time constant
describing the motional dynamics of the rod will be related to
an overall rotational diffusion coefficient, D;, representing the
frictional interaction of the rod with the solvent. It is reasonable
to assume that D, will be dominated by the interactions between
the DNA duplex and the solvent, the contribution of the much
smaller sized linkers to the overall friction being comparatively
negligible. As a result, and as a first approximation, the linkers
are assumed to play no role in the overall dynamics but simply
to serve as a hinge (surface linker) and to add to the effective
length L of the rotating rod expressed by L = Lgs + Irc tinkert
lsurface linker-

The motion of the Fc head can therefore be described as
diffusion over the hemispherical shell of radius L shown in
dotted line in Scheme 1.

4.2. Cyclic Voltametry of a Species Undergoing Free Diffu-
sion over a Hemispherical Shell. The cyclic voltammetry
behavior of a redox species undergoing free diffusion over a
truncated spherical shell, to reach an underlying planar electrode
surface, has been originally described by Amatore®” and later
by others,** albeit in experimental contexts totally remote from
the present work. The governing equations are therefore briefly
recalled below, using a slightly different formalism.

(30) A similar “molecular crowding effect” has been recently reported by
Plaxco and Heeger in ref 8, and interpreted similarly.

(31) With the persistence length of dsSDNA (~50 nm) being much larger
than the contour length of (dT)2 (~10 nm), the dsDNA chain can be
seen as a relatively rigid rod.

(32) (a) Amatore, C.; Bouret, A.; Maisonhaute, E.; Goldsmith, J. I.; Abruiia,
H. D. bl 2001, 7, 2206-2226. (b) Amatore, C.; Bouret,
A.; Maisonhaute, E.; Goldsmith, J. I.; Abrufia, H. D. it
2001, 2, 130-134.

(33) Thompson, M.; Compton, R. G. siniisiiy 2006, 7, 1964-1970.
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At equilibrium, when the electrode is biaised at a potential
sufficiently negative for the Fc heads not to react at the electrode,
free hinge motion of the rod insures that the Fc head explores
all the positions available on the hemispherical shell surface.
In other words, the probability density P* of finding the Fc head
in any circular stripe of the shell, is the same.>* The probability
dP of finding the Fc head in a given stripe of the shell having
a surface area ds, is dP = P* ds. Considering that for a
hemispherical shell ds = 2L sin(6) dO, with 6 the angle from
the surface normal (see Scheme 1), and that the Fc head must
be found on the shell we have:

2l ! 2 Prsin@) dO=1

which yields P* = 1/(2zL?. Upon scanning the potential
positively, the Fc head, when reaching the electrode surface, is
oxidized as:

=
Fc=Fc +e”
kS

where Fc and Fc' respectively stand for the reduced and
oxidized form of the ferrocene head, E° is the standard potential
of the redox couple, and k; the rate constant for the heteroge-
neous electron transfer at the electrode. The Fc heads existing
solely under the Fc or Fc™ forms, their respective probability
density P(t,0) and Q(t,6) are related by: P(t,0) + Q(t,0) = P*,
meaning that the rotational diffusion problem has to be solved
for the reduced Fc head only.

The linear variation of the electrode potential E with time is
expressed by E = E; + ut, with E; the starting potential of the
scan, set at a negative enough value for the voltammogram not
to depend on it, and v the scan rate. Introducing the dimension-
less potential &, defined as: & = F(E — E°)/RT, with F the
Faraday constant, the above equation becomes: £ = 7 + &,

The 8 parameter thus introduced, and defined as 8 = (Fv)/
(RTD;), compares the characteristic rotational time, Dy, to the
cyclic voltammetry observation time R7/Fv.

The probability flux j of Fc heads going toward the electrode
is given byj = —D, sin 6(dp/d6). The electrode bearing Ny mole
of identically behaving dsDNA chains, the overall faradaic
current i is given by i = FNy = —FNyD, sin 0(dp/d0), Ny is
related to the coverage in dsDNA chains by: Ny = I' S with
Setr the effective electrode surface area. It is convenient to
introduce the dimensionless current 1, which is defined as 3
= i/(FNoD,), and also the current function y* = y/(8)", which
is the dimensionless equivalent of the i#/(v)"? ratio used above
to present the experimental data.

The time and space (angular) evolution of P, during the time
course of the voltammogram, is described by the second Ficks’
law, expressed in spherical coordinates and for the particular
case of rotational diffusion:

p_&p

1 dp
T 52 T an690 M

tan@ 00

with 7 and p the dimensionless variables defined as 7 = D; t,
p(t,0) = P(t,0)/P* to which are associated the initial condition:
7 = 0,000:p = 1 and the following boundary conditions.

(34) Diffusion of the single Fc head borne by the rod is described here
using the notion of probability density. Diffusion of electrons between
many redox sites dispersed over a single shell was equivalently
described in terms of surface concentration in redox sites (ref 32).

The boundary condition at the top of the shell is: & = 0:(dp/
90)o = 0 (for reasons of symmetry).

The boundary condition at the electrode surface depends on
the rate of electron transfer:

e If the electron transfer is fast enough to remain at
equilibrium, then the Nernst equation applies; thus, p(z,0) =
1/(14e%).

o If the electron transfer displays finite kinetics, then using
the classical Butler—Volmer formalism we have the following
relation: 1y = Ae*[p(7,0)(14+¢ %) — e7%], with a the transfer
coefficient which for an outer-sphere redox species like fer-
rocene, can be taken as oo = 0.5. The newly introduced
parameter A= k/(D;L) compares ks, the rate constant for the
electron transfer of the Fc head to the electrode, with the
rotational rate of the rod.

The dimensionless voltammogram (&) solely depends on
the  and A parameters and can be calculated by solving
numerically eq 1.

The following experimentally relevant limiting situations can
be identified:

p— 0, (i.e., v— 0): Surface Regime. This situation corresponds
to the scan rate being slow enough as compared to the dsSDNA
dynamics, for the Fc heads to have ample time to exchange an
electron reversibly with the electrode. In practice this situation
is reachable by lowering the scan rate sufficiently. Understand-
ably, no information regarding dsDNA dynamics can then be
obtained from the signal.

The dimensionless current is then given by:

_ expl—&]
v=F (1 +expl—&D2
while the corresponding forward (here anodic) current is:

(E—E)
_ FZNOZ/ exp[ F RT

2« RT (1+ exp[_F(E;TE°)])2

the anodic peak current is thus given by

i

F"Ny
RT

This expression is identical to the one predicted for the
Nernstian behavior of a redox species irreversibly adsorbed to
an electrode. The anodic and cathodic peak potentials are equal
to E° and the peak current is proportional to the scan rate.
Integration of this surface signal leads to Ny the total amount
of Fc heads (and thus of dsDNA) present at the electrode surface.

As seen from the above equation relating ip, to v, attainment
of the surface regime can be experimentally ascertained by the
observation of a scan rate independent i,/v ratio, or equivalently
by the i/(v)"? ratio increasing as (v)"2.

p — +oo, (i.e., v — +o0): Rotational Diffusion Regime. This
case corresponds to the scan rate being large enough for the
motional time of the Fc heads to become accessible. Such a
diffusional regime can, in principle, always be experimentally
reached by increasing sufficiently the scan rate. The voltam-
mogram is then identical to the one obtained in the case of a
redox species undergoing semi-infinite planar diffusion.®

The anodic peak current is then given by

. — [Fv_ «
lpa = FNO\/Dr E’v x wpa,dif (2)

J. AM. CHEM. SOC. = VOL. 130, NO. 30, 2008 9819

i, =025



ARTICLES

Anne and Demaille

where 9™ gif is @ constant which depends only slightly on the
rate of electron transport at the electrode, i.e. on A: ™ pygif =
0.446 for a rapid (Nernstian) electron transfer (i.e., A — +00),
Y padit = 0.351 for a slow (irreversible) electron transfer (i.e.,
A —0).

The forward (anodic) and backward (cathodic) peak currents
are symmetrically located on the potential axis, respectively at
positive and at negative potentials with respect to the standard
potential E°, so that E° = (Ey,+Ec)/2. For a rapid (Nernstian)
electron transfer (i.e., A — +o0), the peak-to-peak separation
AE is of ~60 mV, whereas an irreversible electron transfer is
characterized by AE 2 200 mV.

Most importantly, it can be seen from eq 2, that the diffusional
regime is characterized by a scan rate independent ip,/(v)' ratio.
Experimental attainment of this situation can thus be ascertained
by the observation of a plateau in the i,/(v)"" vs log(v) plots.
Once this situation is met, the value of D,, the key parameter
quantifying the rod dynamics, can be straightforwardly derived
from the height of the plateau using the expression for ip, given
in eq 2. Interestingly the dependence of the thus derived Dy
value on the rate of the heterogeneous electron transfer (i.e.,
on A) is weak: since 1™, it can only vary in the 0.351—0.446
interval (see above), the D, value can be estimated within a
factor 1.6 even if no information is available about the rate of
heterogeneous electron transfer. However, by measuring the
peak-to-peak separation, AE,, the Nernstian (AE, ~ 60 mV)
or irreversible (AE, > ~200 mV) electron transfer situation
can be identified and consequently the relevant value of ™, g
can then be used in eq 2, allowing a more accurate value of D;
to be determined.

In the general case accurate determination of D, requires the
voltammogram to be calculated by solving numerically eq 1.
The variations with 8 of the anodic peak current function ™y,
and of the peak potentials of the voltammograms &, , calculated
for various values of A, are represented respectively in Figure
5a and Figure 5b. These graphs are the dimensionless equiva-
lents of the experimental iy /(v)""> and Ep,. vs log(v) plots.

Upon increasing 5 (i.e., the scan rate), from low values
corresponding to the surface regime, the peak current function
is seen to increase continuously until a plateau is reached,
corresponding to the attainment of the rotational diffusion
regime. As seen in Figure 5a, the ¥*,, vs log(f) variation
displays little dependence on the rate of electron transfer (A).
At the opposite finite electron transfer kinetics translates much
more clearly on the variation of the peak potentials with
increasing scan rate (Figure 5b). At low enough f value (i.e.,
scan rate) the peak potentials are equal to E°, as expected for a
surface wave. As f is increased, the peak separation increases,
either to reach a constant value of 60 mV at 20 °C for fast
electron transfer (A — —o0) or to continue increasing with log(3)
for finite values of A. Therefore, by measuring the variation of
both the experimental peak current function and peak potentials
upon increasing scan rate, one can in principle gain access to
the value of both the rotational diffusion coefficient of the DNA
rod, D,, and the rate constant of the heterogeneous electron
transfer between the electrode and the Fc head, k. In other
words, the respective contribution of chain dynamics and of
the rate of heterogeneous electron transfer to the kinetic control
of the faradaic current can be discriminated by cyclic voltam-
metry. This represents a significant benefit as compared to the
AC voltammetry techniques, commonly used in the literature
to analyze the response of redox-DNA layers, which only yield
an overall and unspecific first-order “electron transfer” rate
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Figure 5. Variation as a function of log(f3) of (a) the dimensionless peak
current function (1*p,) and of (b) the dimensionless anodic (§,) and cathodic
(&pe) peak potentials of the voltammograms, calculated using the rotational
diffusion model described in the text, for various values of A. In (a) the
lower and upper dashed curves correspond respectively to an irreversible
(slow, A — 0) and to a Nernstian (fast, A — o) electron transfer. The
curves in continuous line correspond (from top to bottom) to A =5, 2, 1,
0.5. In (b) the value of A is indicated near each curve. The dotted lines in
(a) and (b) correspond to the characteristics of a surface-confined species
(i.e. to a diffusionless system) displaying Nernstian electron transfer kinetics.
B = FUIRTD:, A = kJ(D:L), ¥*sdit = ips/ FNo(Dy)""*(FvIRT)"?, with v the
can rate, D, the rotational diffusion coefficient of the dsDNA rod, ks the
heterogeneous electron transfer rate constant and iy, the anodic peak current.
These graphs are the dimensionless equivalents of the experimental ip./
(©)'"* and Epac vs log(v) plots.

constant from which the information regarding molecular motion
and heterogeneous electron transfer cannot be separated.®

5. Discussion

5.1. Cyclic Voltammetry Behavior of the Fc-dsDNA-Cg
Systems: General Conclusions. The voltammetric behavior of
the Fc-dsDNA layers studied in the present work, and in
particular the occurrence of a plateau in the current function,
ipa/(1)""%, vs log(v) plots (see Figures 2b and 4b), can be fully
accounted for by the model presented above which describes
the diffusional motion of the ferrocene head as resulting from
the hinge movement of the dsSDNA duplex. The DNA systems
studied here (I and IT) share the same relatively long Ce surface
linker but differ significantly from one another by the type and
length of their Fc linkers (see Chart 1). Still, they display
qualitatively similar voltammetric behaviors. Moreover, this
behavior is in striking contrast with the one we previously
reported for a dsDNA system consisting in a layer of end-grafted
Fc-[(dT)20(dA)20]-C, chains III, for which a bell-shaped i,/
()" vs log(v) variation was observed.* The latter variation was
shown to reflect the fact that chain bending was controlling the
dynamics of the C,-end-grafted duplex III.

We attribute the difference between the dynamical behaviors
of the end-anchored systems I and II on the one side and that
of III on the other side to the fact that III was grafted on the
surface very directly via a short C,-linker, while the other
systems are linked via a much longer C¢ linker. As a result,
whereas free rotation of the dsDNA rod of I1I is largely hindered
by sterical interactions between the surface and the lower part
of the rod, such a hinge motion is possible for the dsDNA
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systems anchored on the surface via longer linkers. In the “Ce”
case simple rotation of the rod around its anchoring linker is
sufficient for the Fc head to reach the electrode surface while
in the “C,” case bending of the dsDNA rod is required.
Understandably free hinge motion of the rod is greatly facilitated
if the length of the anchoring linker is close to, or larger than,
the radius of the rod (~1 nm); such is the case for Cg-anchored
systems, but not for Cp-anchored systems (length of the C, linker
~0.4 nm).

Therefore, what is originally demonstrated here is that the
length of the surface linker of end-anchored dsDNA systems
controls the type and geometry of the molecular motion of the
dsDNA rod allowing the redox head to come into contact with
the electrode. This result is expected to have important analytical
implications since it is now increasingly recognized that the
signaling mechanism of E-DNA sensors is based on the physical
contact between the Fc head and the electrode surface, i.e. the
so-called collisional mechanism.® This is particularly clear for
those systems based on linear redox-DNA probes for which, as
initially demonstrated by us,* and recently recalled by others,”
hybridization detection is made possible by the difference in
the dynamical behavior of end-anchored ss- and ds-chains. In
this context it should be noted that, whereas for long surface
linkers the faradaic current is controlled by an unspecific
property of the duplex, i.e. its rotational diffusion, for short
linkers it is controlled by an intrinsic property of the strand,
i.e. its flexibility, which may be modulated by the presence of
a mismatch or by the nucleotide sequence. Therefore using short
rather than long surface linkers might result in an increased
specificity of E-sensors for dsDNA detection.

More generally, all of the above illustrates the fact that cyclic
voltammetry displays the unique benefit of allowing molecular
motion to be unambiguously identified as contributing to the
electrochemical response of redox-DNA layers. Moreover, the
variation of the peak current function with scan rate provides a
very clear and distinctive signature of the fype of motion that
the redox-dsDNA duplex undergoes to bring the Fc-head in
contact with the electrode: a plateau-shaped variation is indica-
tive of a purely diffusional motion while a peak-shaped variation
indicates of an elastic bending motion of the duplex.

More quantitative conclusions regarding each of the DNA
systems studied here are presented below.

5.2. Quantifying the Dynamics of the Hybridized Fc-DNA-
Cs Systems.

5.2.1. Perfectly Matched Grafted Duplexes Display Unex-
pectedly Slow Rotational Dynamics. For both of the Fc-DNA-
Cs systems I and II, and within the scan-rate range where a
plateau is observed in the in/(v)"* vs log(v) plots, the peak-
to-peak separation is observed to be close from ~60 mV, (see
Figures 2 and 4). Consequently, the electron transfer can be
considered as being Nernstian (i.e., fast) and the value of D,
the rotational diffusion coefficient of the grafted DNA duplex,
can be determined from the value of the plateau observed in
the ipa/(v)” 2 vs log(v) variation, using eq 2 and ¥, gir™ = 0.446.
This yields a value of D, = 2300 (£200) s~ for the Fc-DNA-
Ce system I, and of D, = 200 (£50) s~ ! for the Fc-DNA-Cq
system II. Both of these D, values are spectacularly lower than
the value of the rotational diffusion coefficient of a freely
rotating ~20 mer DNA duplex, which is of ~107 s~'.?° Slow
apparent dynamics of nanometer-sized dsDNA strands, Cs-end-

(35) Ortega, A.; Garcia de la Torre, J. sufsiiiing. 2003, /19, 9914—
9919.

tethered to a gold surface, has already been reported but was
attributed to instrumental limitations of the measuring technique. >’
In the present case, the very fact that undistorted voltammetric
surface signals could be recorded for Fc-ssDNA at high scan
rates, where the ip,/(v)"* vs log(v) variation for Fc-dsDNA was
observed to reach a plateau, demonstrates that the slow
dynamical behavior observed for the hybridized system is actual
and does not arise from any response time limitation of our
electrochemical setup. As a possible source of the observed slow
dynamics of Fc-dsDNA-Cg systems, the known slowing of the
Brownian motion of a particle in the vicinity of a surface can
be considered. However, for a rod-like particle the magnitude
of this hydrodynamic effect is expected to be small, even for
the worst case scenario of a rod diffusing perpendicularly to an
interface.*® Moreover, complete Brownian dynamic simulations
of ~50 mer dsDNA end-anchored to a surface, taking into
account hydrodynamic interactions and imposing a stringent no-
slip boundary condition for the fluid field at the interface (zero
fluid velocity at the anchoring surface), showed that the time
scale of the duplex should still be in the order of a few tens of
nanoseconds.>” We attribute the apparent sluggishness of the
rotational dynamics of Cg-anchored Fc-dsDNA to steric interac-
tions occurring between the rotating rod and the surface, which
hamper close approach of the rod from the electrode. According
to this picture the rod would be freely diffusing from 6 = 0 to
some limiting value of @ = 6; < 7/2, corresponding to the onset
of repulsive DNA/surface interactions (Scheme 1). Diffusional
motion of the rod from 6 = 6; to 0 = 7/2, or at least to an
angle allowing the electron transfer to occur, would still be
possible but significantly slowed since taking place in a repulsive
force field. The diffusional field of the Fc head would still be
hemispherical, and hence the rod would still appear to be moving
as a result of free rotational diffusion, but much more slowly
than expected. Since one can, a priori, envision that these Fc-
DNA/surface interactions are electrostatic in nature, the role of
electrostatic interactions in end-anchored DNA systems is worth
discussing in detail here. It has been repeatedly reported in the
literature that electrostatic interactions between the charged
DNA helix and the double layer of the anchoring electrode
determine the average orientation of end-anchored dsDNA
chains, which consequently depends on the electrode potential. !
Rant et al. have precisely quantified this orientating effect by
measuring the ability of the electric field at the electrode to
orientate short end-anchored dsDNA strands as a function of
the supporting electrolyte concentration.*' They observed that
this ability is totally lost for electrolyte concentrations larger
than 100 mM (see Figure 5a in ref 42), and concluded that
electrostatic interactions between short DNA duplexes and the
electrode surface are fully screened at high salt concentrations.

(36) Rant, U.; Arinaga, K.; Tornow, M.; Kim, Y. W.; Netz, R. R.; Fujita,
S.; Yokoyama, N.; Abstreiter, G. Rigikatt. 2006, 90, 3666-3671.

(37) Sendner, C.; Kim, Y. W.; Rant, U.; Arinaga, K.; Tornow, M.; Netz,
R. R. Phys. Status Solidi A 2006, 14, 3476-3491.

(38) Trahan, J. F.; Hussey, R. G. inbiinlebisig 1985, 28, 2961-2967.

(39) (a) Kelley, S. O.; Barton, J. K.; Jackson, N. M.; McPherson, L. D.;
Potter, A. B.; Spain, E. M.; Allen, M. J.; Hill, M. G. & 1998,
24, 6781-6784. (b) Zhou, D.; Sinniah, K.; Abell, C.; Rayment, T.
gy 2002, 18, 8278-8281. (c) Dong, L. Q.; Zhou, J. Z.; Wu,
L. L.; Dong, P.; Lin, Z. H. siniissis. 2002, 354, 458-465. (d)
Zhang, Z.-L.; Pang, D.-W.; Zhang, R.-Y.; Yan, J.-W.; Mao, B.-W_;
Qi, Y.-P. I 2002, /3, 104-109. (e) Ceres, D. M.;
Barton, J. K. . 2003, /25, 14964-14965.

(40) Rant, U.; Arinaga, K.; Fujita, S.; Yokoyama, N.; Abstreiter, G.;
Tornow, M. Mgkaelgh 2004, 4, 2441-2445.

(41) Rant, U.; Arinaga, K.; Fujita, S.; Yokoyama, N.; Abstreiter, G.;
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Considering the fact that the experiments reported here are
conducted using 1 M NaClOy as supporting electrolyte one can
therefore safely conclude that the orientation of the end-anchored
Fc-dsDNA is not dependent on the electrode potential, but is
solely determined by random thermal motion.

Moreover, Rant et al.*' also demonstrated that, for such a
high ionic strength, even for the worst case scenario of a
negatively biased electrode, the repulsive electrostatic energy
between a flat-lying dsDNA rod and the electrode is barely
above thermal energy (see Figure 6 in ref 42). This means that
double-layer forces are not sufficient to effectively oppose close
approach of the dsDNA rod to the electrode surface down to 6
= /2.

It is, however, noteworthy that, in experiments involving
electrical manipulation of short dsDNA strands, orientating the
dsDNA duplex at an angle greater than 55° from the surface
normal was observed to be unexpectedly difficult, plausibly as
a result of DNA/surface steric hindrance.*' AFM/SECM experi-
ments are currently conducted to explore this possibility and to
identify the exact nature of the postulated rod/surface repulsive
interactions.

Interestingly, in spite of these DNA/surface interactions, the
Fc head can approach the electrode surface closely enough for
the electron transfer not only to take place but also to be fast
enough so as to appear Nernstian. However, this simply requires
that A= kJ/(D.L) > 1, i.e. that the rate constant for the
heterogeneous electron transfer between the Fc head borne by
the duplex and the electrode surface is such that: k; > 2 x
1073 cm/s and k, > 2 x 10~* cm/s, respectively for the Fc-
DNA-Cg systems I and II.

5.2.2. Comparison of Fc-DNA Systems I and II: Effect of
the Fc Linker Effect. Considering the chemical structures of I
and II, the 1 order of magnitude difference in the D, values
derived for the Fc-DNA-Cg systems I and II can only be due
to the markedly different Fc linker of the two strands. As seen
in Chart 1, the Fc head in I is attached to the uracil base via a
relatively rigid linker (~1 nm long), while the Fc head in II is
connected to the 3'-phosphate group via a 11 o-bond long linker,
including a six-carbon-atom long alkyl chain (~1.4 nm in
length). It seems reasonable to assume that, in the highly ionic
aqueous environment used here, the hydrophobic alkyl linker
of Il is coiled which renders the Fc head probably less accessible
to the electrode in Fc-dsDNA 1II than in Fc-dsDNA 1. As a result
a closer approach of the rod from the surface is required for
the electron transfer to take place, which is made unfavorable
by repulsive dsDNA/surface interactions, and translates into a
lower apparent rotational diffusion coefficient for dsDNA II
than for I. Interestingly and in spite of that, the electron transfer
still appears Nernstian for the duplex of II, i.e. the rate of
heterogeneous electron transfer at the electrode does not appear
to be significantly slower for dsDNA II than for dsDNA I. As
seen from the definition of A= kJ/(D;L), this simply reflects
the fact that D, and k, control the apparent electron transfer
kinetics in an exact opposite way: a lowering of D, can
compensate and mask any lowering of k; as long as the D,/k
ratio remains unchanged. We also note that the overall apparent
dynamics of II is comparable in magnitude to the one observed
for I, as suggested from the similar intensity of the ip/(v)"
vs log (v) plots obtained in both cases (compare dashed and
continuous lines in Figure 4b). This indicates that going from
a “Cy”- to a “Ce’-anchored dsDNA system, while keeping
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comparable Fc linkers (i.e., from II to III), changes the type of
motion of the duplex but has little effect on the overall apparent
dynamics.

5.2.3. Electron Transport by Molecular Motion of dsDNA
Is Faster than DNA CT. An important result of our work is
that the voltammetric response of all of the Fc-dsDNA systems
L, II, and III that we’ve studied so far can be fully accounted
for by considering molecular motion of the dsDNA rod as the
sole electron transport process. Consequently, it can be con-
cluded that electron transport through the dsDNA duplex (DNA
CT) is not playing any role for these systems. This result falls
in line with recent reports showing that electronic coupling of
the redox probe with the DNA base stack is a prerequisite for
the occurrence of DNA CT, such a coupling being realized by
linking the redox probe to the terminal base of the target DNA
strand via an unsaturated acetylene linker.>® In these reports,
charge transport by molecular motion of the whole DNA rod
was considered to occur only in the absence of such a coupling,
i.e. when an alkyl-linked probe was used.’ It should, however,
be recalled that Brownian motion of the redox-dsDNA strand
is a universal charge transport mechanism which will unavoid-
ably compete kinetically with DNA CT, independently of the
type of probe and linker used. In that context we note that DNA
CT through Cg-anchored dsDNA chains was reported to take
place with a characteristic rate constant of ~90 s~ ',** which is
lower than the D, values we measured here for the double-
stranded Fc-DNA-Cg systems. This result demonstrates that
charge transport by simple rotational motion of the Cg-anchored
dsDNA rod can actually compete favorably with DNA CT and
should therefore be considered even for those systems where
DNA CT is possible.

Understandably, for such systems, experimental conditions
that would tend to slow the dynamics of the dsDNA rod, or
hamper close approach of the rod from the surface, would
increase the relative contribution of DNA CT to the overall
electron transport within the dsDNA layer. Among these
conditions one can envision the use of a very high DNA
coverage, which favors steric interactions between neighboring
dsDNA chains, or of a low salt concentration, which may result
in dsDNA/electrode repulsive interactions, depending on the
potential region explored.**~*!

6. Conclusion

The cyclic voltammetry behavior of molecular layers of 3'-
ferrocenylated (dT)yo (or ddU(dT),9) strands, 5'-end-grafted onto
a gold electrode surface via a long Cg linker has been studied.
Single-stranded Fc-DNA layers were observed to behave as
diffusionless systems reflecting the rapid dynamics of the ssDNA
strand. Following hybridization, the Fc-dsDNA layers gave rise
to a yet unreported cyclic voltammetry behavior characterized
by a sigmoid-shaped variation of the current function with scan
rate. This variation provides evidence that the Fc-head is
animated by a purely diffusional motion, ascribed to free rotation
of the rigid DNA duplex around its C¢ anchoring linker. This
result contrasts with the behavior we previously reported for a
layer of Fc-dsDNA chains grafted on gold surfaces via a short
C,-linker, and for which the motion of the Fc head was shown
to result from elastic bending of the duplex.

We therefore demonstrated here that the length of the surface
linker determines the fype of molecular motion undergone by

(42) Kelley, S. O.; Barton, J. K.; Jackson, N. M.; Hill, M. G. Bioconjugate
Chem. 1997, 8, 31-37.
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end-grafted Fc-dsDNA rods allowing the Fc head to contact
the electrode surface. Long surface linkers allow simple free
hinge motion of the duplex, while this motion is sterically
hindered if short surface linkers are used, and bending of the
dsDNA rod is in that case required for the electron transfer to
take place.

An appropriate model, describing the motion of the dsSDNA-
borne Fc head as resulting from hinge motion of the DNA
duplex, allowed us to quantify the molecular dynamics of the
Cs-anchored Fc-dsDNA chains in terms of an apparent rotational
diffusion coefficient, D,. The value found for D, was ~3—4
orders of magnitude slower than expected for the rotation of
free dsDNA in solution, pointing to a drastic motion-slowing
role of the anchoring surface. We postulate that repulsive
dsDNA rod/surface interactions are responsible for such an
unreported phenomenon of slowed diffusion of end-anchored
dsDNA in the immediate vicinity of the bearing electrode
surface. Comparing the D, values we obtained for two Ce-
anchored Fc-dsDNA systems, differing by the chemical structure
and length of the linker connecting the Fc head to the probe
DNA strand, allowed us to show that the accessibility of the
Fc head for the electron transfer at the electrode largely
modulates the apparent dynamics of the DNA rod. Importantly,

this effect cannot result from a modulation of the rate of the
heterogeneous electron transfer to the Fc head. It rather arises
from the fact that, in the case of a poorly accessible Fc head, a
closer approach of the DNA duplex from the repelling electrode
surface is required for the electron transfer to take place.

The dynamics of Fc-dsDNA was found to be insensitive to
the presence of a single mismatch in the middle of the strand,
demonstrating that charge transport by conduction along the
dsDNA helix (DNA CT) is not present for the systems studied
here. However in any case, electron transport by simple hinge
motion of the dsSDNA chain was found to be fast enough to, a
priori, compete kinetically favorably with DNA CT and should
therefore be considered even for the systems where charge
transport by DNA CT was evidenced.

This work is also a clear demonstration that cyclic voltam-
metry is a very powerful tool to elucidate the signaling
mechanism of conformation-linked DNA electrochemical bio-
sensors, particularly because this technique uniquely allows
DNA molecular motion to be unambiguously identified as
contributing to the electrochemical signal.
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