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Abstract: The dynamics of electron transport within a molecular monolayer of 3'-ferrocenylated-(dT)2o
strands, 5'-thiol end-grafted onto gold electrode surfaces via a short C2-alkyl linker, is analyzed using
cyclic voltammetry as the excitation/measurement technique. It is shown that the single-stranded DNA
layer behaves as a diffusionless system, due to the high flexibility of the ss-DNA chain. Upon hybridization
by the fully complementary (dA), target, the DNA-modified gold electrode displays a highly unusual
voltammetric behavior, the faradaic signal even ultimately switching off at a high enough potential scan
rate. This remarkable extinction phenomenon is qualitatively and quantitatively justified by the model of
elastic bending diffusion developed in the present work which describes the motion of the DNA-borne
ferrocene moiety as resulting from the elastic bending of the duplex DNA toward and away from the electrode
surface. Its use allows us to demonstrate that the dynamics of electron transport within the hybridized
DNA layer is solely controlled by the intrinsic bending elasticity of ds-DNA. Fast scan rate cyclic voltammetry
of end-grafted, redox-labeled DNA layers is shown to be an extremely efficient method to probe the bending
dynamics of short-DNA fragments in the submillisecond time range. The persistence length of the end-
anchored ds-DNA, a parameter quantifying the flexibility of the nanometer-long duplex, can then be
straightforwardly and accurately determined from the voltammetry data.

Introduction Scheme 1

The notion of deformability of biological macromolecules

in general, and of nucleic acids in particular, is well-understood

and widely used by physicists and biologists for studying and

modeling molecular recognition procesddis concept is also

increasingly exploited in the modern field of electrochemical

DNA hybridization sensors or biochips. For these recent appli-

cations, the static conformational changes of a DNA oligo-

nucleotide monolayer end-tethered to an electrode surface, which S
. . . . | Au electrode

occur upon hybridization with a complementary single-stranded

(ss) DNA sequence in solution, are exploited to modulate the Fc-ssDNA Fc-dsDNA

electrochemical response of the sensor which, depending on the

experimental design and the type of grafted DNA, can be either tioning of the redox probe closer or further away from the

“switched on? or “switched off3 Most of these well-defined  electrode surface respectively turning the sensor “on” or “off”.

systems involve the use of a redox label borne by the free In this framework, we recently presented and characterized,

terminus of grafted DNA, whose distance from the electrode by fast cyclic voltammetry, a switch-off type system consisting

surface is altered as a result of the conformational changesof a molecular monolayer of 20-mer ssDNA chains ((@T)

accompanying the hybridization of the grafted strand: reposi- oligonucleotide) anchored by their-thiol end onto a gold

electrode surface via a short C2-alkyl linker ariebBd-labeled

(1) Samori, B.; Zuccheri, GAngew. Chem., Int. E®005 44, 1166-1181. by a redox-active ferrocene moiety (Schemé 1).

(2) (a) Gooding, J. J.; Chou, A.; Mearns, F. Y.; Wong, E.; Jericho, KChem. L . o "
Commun2003 1938-1939. (b) Immoos, C. E.; Lee, S. J.; Grinstaff, M. Within this remarkably stable, low density “model” system,
W. J. Am. Chem. So@004 126, 10814-10815. the molecular recognition capability of the DNA chains was

(3) (a) Fan, C; Plaxco, K. W.; Hegger, A. Broc. Natl. Acad. Sci. U.S.A.
2003 100, 9134-9137. (b) Immoos, C. E.; Lee, S. J.; Grinstaff, M. W.
ChemBioChen2004 5, 1100-1103. (c) Paleek, E. Trends Biotechnol. (4) Anne, A.; Bouchardon, A.; Moiroux, J. Am. Chem. So2003 125 1112
2004 22, 55-58. 1113.
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kept intact, allowing us to evidenapialitatively that, beyond gcllleme 2. Sﬁ/néh?SéS(ng)S'-Coﬁstaminﬁll e 3 and Its Sub

: : (PeH iaNZi PSR '-Ferrocene-Labeled- 20 Oligonucleotide 3 and Its Subsequent
the simple notion of hybrldlzauon induced reposmonlng ofthe  5oquction to Its 5-Thiol Deprotected Form 42
redox probe, analysis of the electrochemical response of the 3

_\//05'

redox-labeled DNA layer could give access to tinee depend- 0P o— (dT),7—0. ° p-5'-(dT),-3"-NH,
ent motionof the DNA chain, i.e., to itglynamics Na 2 0770 CH,-CHOH-CH,O-(CH,NH,

Probing the dynamics of a DNA fragment is, in itself, of great
interest as this is one of the rare approaches allowing the °.” P o
mechanical properties afanometer-longlouble-stranded (ds) a l d ]éfoj\/@
DNA to be determinedMoreover, DNA dynamics is usually 0 s S 1
experimentally observed using sophisticated spectroscopic o5 3
techniques and has never been addressed electrocherffically. .o\'P"o—(dT)zo—o\ 2

Electrochemical characterization of molecular layers of end- (EYNH" -O/P'O—CHQ-CHOH-CHZO-(CH2)3NHCO(CH2)2—©
grafted redox-labeled dsDNA has, on the opposite, been ) ) Fe
intensively used to examine the electron transport properties of 2, pEy3Fe &
dsDNAS=8 but most of these works neglected DNA chain 0} i *%C;N_CN
motion as a possible charge transport mechanism. However, the e /

b (DMAP) + P(Ph),/ (PyS),

relevance of DNA flexibility to electron transport along duplex
DNA is now increasingly recognized since recent theoretical (ii) l MR N
calculations’, and real-time spectroscopic resuftéend to show

that electron propagation, over distances longer than a few base
pairs, necessarily requires coupling of base-to-base electron o
hopping with conformational rearrangement of the bases, SCH)NH" O—(dT)—0.

excess

0, 0¥ 3

induced by the elastic deformation of the strafftiThe \S(CH)NH EQNH O_CHQ’CHOH’CH&(CHz)aNHCO(CHQ)EF@
intertwinement of these two components of electron transport 7 3, $8-C2-5(dT),3-Fe S
makes extremely difficult the full quantitative modeling of

electron propagation along duplex DNA. In the experimental \TCEi

system we have developed, consisting of a molecular layer of c 4, HS-C2-5-(dT),-3-Fc

end-grafted redox DNA, the electron transfer is thermodynami-  #(a) Fc-NHS, ag. phosphate, pH 8, rt, 3 h, 90%; (b) (i) DMAP:
cally perfectly well-defined as it occurs between the electrode g'meég},’/':;‘rz‘c';‘?gérg'?tfiég_zggggf}étﬁ%iﬁéghﬁe?j'?}ig')bﬁgf'ﬂ"”fé h
surface and the ferrocenyl head (Fc), borne by the free 5 g9, (HPLC analysis).
terminus of the duplex DNA (Scheme 1). Moreover, considering
the low redox potential of the chosen alkyl-ferrocene moiety Fc-DNA layer reflects the elastisending motiorof the quite
(~150 mV/SCE), the generation of a hole in the DNA base rigid DNA duplex, bringing the ferrocene head in contact with
stack, and ensuing electron hopping between neighboring basesthe electrode surface. Appropriate modeling of such an elastic
is totally excluded. Electron transport within our system thus bending diffusion then allows us to fully account for the
solely relies on the movement of the DNA-borne ferrocene head gbserved voltammetric behavior throughout the range of po-
toward and away from the electrode surface. Analysis of the tential scan rates (i.e., observation times) explored: from low
electrochemical response of the system therefore allows us toscan rates, at which the dsDNA rod is given enough time to
assess the role of the elastic deformation of the duplex onpring its Fc head in contact with the electrode surface, up to
electron transport by DNA. the highest scan rates, at which dsDNA appears as frozen in
The aim of the present work is to conduct a detailed analysis time. Analysis of the voltammetric data, in light of our elastic
of the electrochemical response of the system using fast cyclingbending diffusion model, yields the persistence length of the
voltammetry, a time-resolved technique reflecting the motion end-anchored double-stranded DNA, a parameter quantifying
of the DNA-borne ferrocene probe, to access, quntitatiely the elasticity of the duplex, and allows us to demonstrate that
mode] the dynamics of electron transport by #lastic motion the flexible bending motion of the DNA double helix can be,
of short, end-grafted, double-stranded DNA. We show below in itself, a very efficient charge transport mechanism. Fast scan
that the highly unusual voltammetric behavior of the hybridized rate cyclic voltammetry of end-grafted, redox-labeled DNA
layers is shown to be a powerful method to probe the bending

(5) (a) LankasF. Biopolymers2004 73, 327—339 and references therein. (b) ; i —milli i
Okonogi. T. M.: Reese. A W. Alley. S. C.- Hopkins. P. B.- Robinson. B. dynamics of short DNA fragments in the sub-millisecond time

H. Biophys. J.1999 77, 3256-3276. range.
(6) Hartwich, G.; Caruana, D. J.; de Lumley-Woodyear, T.; Wu, Y.; Campbell,
C. N.; Heller, A J. Am. Chem. S0d.999 121, 10803-10812. ; ;
(7) Kelley, S. O.; Jackson, N. M.; Hill, M. G.; Barton, J. Angew. Chem., EXpe”memal Section
Int. Ed. 1999 38, 941-945. . . . o
(8) Long, Y.—T.;gLi, C.-Z.; Sutherland, T. C.; Chahma, M.; Lee, J. S.; Kraatz, Materials. All DNA Ol'gor‘Udec_’t'deS were purchased from Apibio
H.-B. J. Am. Chem. So@003 125, 8724-8725. (Grenoble, France) as their sodium salts at a-Q.zmol scale and
(9) (a) Berlin, ¥. A Burin, A. L.; Siebbeles, L. D. A.; Ratner, M. 4. Phys. were HPLC purified grade products. The modified oligonucleotidé p-5

Chem. A2001, 105, 5666-5678. (b) Renger, T.; Marcus, R. A. Phys. .
Chem. A2003 107, 8404-8419. (c) Matulewski, J.; Baranovskii, S. D.;  (dT)2c-3-NH2 used as the precursor sequence for chemical syn-

a0 I:)Og’?\lséillipl\?yz _ng(g\(ércme% -P\i/]v)?go?; 7‘3133331?1%- ewail. A H thesis of 5C2-thiolated-3ferrocenylated oligonucleotidel (see
Angew. Chem., Int. E@003 42, 5896-5900. (b) O'Neill, M. A; Barton, ~ Scheme 2) carries &-3FA (C7) Aminolinker= —(CHz) CHOHCHO-
J. K. J. Am. Chem. SoQ004 126, 11471-11483. (c) O'Neill, M. A;; (CHz)g_NHz.

Barton, J. K.J. Am. Chem. So2004 126, 13234-13235. (d) Kaden, P.; . . .
Mayer-Enthart, E.; Trifonov, A.; Fiedig, T.; Wagenknecht, H.Angew. All chemicals and solvents were analytical grade and used without

Chem., Int. Ed2005 44, 1636-1639. further purification.
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All reactions were carried out in polypropylene tubes under an inert
atmosphere at ambient temperature<26 °C) and protected from
light. All aqueous solutions were made with Milli-Q purified water
(Millipore). Phosphate buffers were made of 49 mM or 74 mM
KH2PQ,, pH adjusted to 7.0 or 8.0, respectively, kvih 1 M NaOH
solution.

Chromatography. Reversed-phase high-performance liquid chro-
matography (HPLC) was performed with a Gilson 305/306 HPLC pump
system equipped with a Gilson 119 UVis detector operating at 270
nm, using a MachereyNagel Nucleosil 120-5 C18 (4.6 mm IR 15

Cyclic voltammograms were recorded without ohmic drop compen-
sation. All potentials are reported versB€E The temperature in all
electrochemical experiments was AT.

Pretreatment of the Polycrystalline Gold Electrodes.Gold disk
working electrodes were constructed by sealing lengths of gold wire
(99.99%, Goodfellow) (0.5 mm or 12&m diameter) within polypro-
pylene bodies or (12.,6m diameter) in soft glass. For all experiments,
the electrodes were polished to a mirror finish using progressively finer
grades of alumina polishing suspensions (3, 0.5, and@®3Buehler)
followed by ultrasonication in water and ethanBbr preparation of

cm) analytical column. Pump control and data processing used a Gilsonfc-(dT), monolayers the freshly polished electrodes were electro-

Unipoint LC software (for Windows). Unless otherwise specified, the
eluent conditions were as follows: solvent A, 10% acetonitrile in
aqueous triethylammonium acetateN#i ™, AcO~ (TEAA, 0.1 M) pH
adjusted to 7.0 with acetic acid; solvent B, acetonitrile. Elutions were
done with a linear gradient from 5% to 25% B in 20 min. The flow
rate was 0.8 mL/min.

Spectrometries.UV —visible spectra and optical density (OD) were

chemically cleaned by cyclic voltammetry at the scan rate 0.2%\ins

1 N H,SQ, as reported previoush. The final electrochemical oxidation
step was followed by electrochemical reduction of the gold oxide
monolayer via a reverse potential scan down+0.2 V. The thus
pretreated gold electrodes were quickly rinsed with water and ethanol
and then immediately used for reaction with thiol-deproteete@he
effective areas of the electrod&s; were derived from the charge

measured on a Hewlett-Packard HP 8452 diode array spectrophotom-associated with the gold oxide reduction peak and typically correspond

eter. The concentration of oligonucleotides were estimated by UV
absorption at 260 nm, assuming a molar absorptivity coefficigsnt
of 15 400, 6700, for dA and dT,and taking an averageso of 9500
M~1cmt for the ferrocene moiety. DNA melting curves were obtained
by monitoring the absorbance of DNA solutions at 260 nm as a function
of temperature. The melting temperatuigswere measured in 0.1 M
NaClO,, 25 mM sodium phosphate (pH 7.0) solutions containing 2
uM oligonucleotide eachl, data being estimated to be accurate within
1°C.

Matrix-assisted laser desorption/ionization time-of-flight (MALDI-
TOF) mass spectra were obtained from the UniveiRigre et Marie
Curie, Laboratoire de Chimie Structurale Organique et Biologique

(Paris, France) on a PerSeptive Biosystems Inc. (Framingham, MA)

to a roughness factor of ca. 3.

Preparation of the Fc-(dT)..-Modified Gold Electrodes. The B-
thiolated-oligonucleotide3 was kept until use under its oxidized
—(CHg)2—S—S—(CH),—NH; form in order to protect the thiol group
from undesired oxidation or disulfide dimers. In a typical procedure,
reduction of an appropriate amount df&ystaminyl 20-mer oligo-
nucleotide4 (~0.45 ODyo units, 5 nmol) was effected by treatment
with tris(2-carboxyethyl)phosphine (TCEP, HCI) (28 nmol) ipl5 of
0.1 M TrissHCI (pH 7.5) under an inert atmosphere. The reaction was
allowed to proceed overnight at room temperature to allow complete
reduction of the disulfide bond as judged by RP-HPLC analysis (for a
typical HPLC profile of the deprotection reaction, see Supporting
Information, Figure 1b supplied in ref 4). The resulting reduction

prager Elite instrument_opgrating irl the _positive mode u;ing 2,4,6- product HS-C2—5-(dT)0-3-Fc 4 was purified from excess reagent
trihnydroxyacetophenone in diammonium citrate as the matrix and 274 by RP-HPLC and collected in a polypropylene tube. After acetonitrile

nm pulsed light. Internal calibration was carried out using the nucleotide
sequence d(AT:GsCs) (M 8604.6) in the above matrix.
Cyclic Voltammetry Measurements Aqueoss 1 M NaClQ

removal by passing an inert gas, the thiol sample was used for direct
thiolation of gold electrode surfaces as follows./80(~20—50 uM)
of the thiolated oligonucleotidd were next reacted with the gold

containing 25 mM phosphate buffer (pH 7.0) was used as the electrolyte grfaces by immersing the pretreated gold electrodes for about 16 h at
solution for all elect'rochemlcal stgdles. Electrochemical experiments ampjient temperature in the deaerated solution protected from light. The
were performed with a conventional three-electrode configuration Fe-(dTe-modified-gold electrodes were then carefully washed with
consisting of a gold-disk working electrode, a platinum wire counter yeionized water and soaked i M aqueous NaClQfor 30 min in
electrode, and a reference electrode, being a Ag/AgCI wire (calibrated oger to remove thoroughly the oligomeric chains noncovalently linked

with 1mM ferrocenemethanol) for studies at bare-gold electrodes, or a tg the gold surface.

KCI saturated calomel electrod8CE for studies of DNA-modified-
gold electrodes. Th8CEreference electrode was separated from the
supporting electrolyte solution with a bridge terminated with a glass
frit, containing an aqueous solutiof ® M NaCl. The peak potentials
were measured with an accuracy65 mV. Solution-phase studies at

bare electrodes were carried out in a one-compartment microcell with

a working volume of ca. 10@L.
For potential scan rates up to 200 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 20

with a minimum acquisition time of 5 ns per point; a home-built
potentiostat with a large bandwidth was us&fihis ultrafast equipment,
associated with a low solution ohmic drop, rendered minimal by the
high conductivity of aqueai1 M NaClQ supporting electrolyte,
allowed the reliable electrochemical measurement of grafted Fc-DNA
electrode responses with no detectable distortion of the signals.

(11) Beal, P. A.; Dervan, P..Bl. Am. Chem. S0d.992 114, 4976-4982.

(12) (a) Anne, A.; Demaille, C.; Moiroux, J. Am. Chem. Socd999 121,
10379-10388. (b) Anne, A.; Demaille, C.; Moiroux, J. Am. Chem. Soc.
2001, 123 4817-4825.

(13) Hapiot, P.; Moiroux, J.; Saaeat, J.-M.J. Am. Chem. So¢99Q 110, 1337~
1343.
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Hybridization Procedures. A. Voltammetry at a Bare Gold
Electrode. Unthiolated 3-Fc-(dT)o sequenc (~1 mM) was hybrid-
ized in the supporting electrolyte solution by heating to°@0for 10
min followed by slow cooling to room temperature. A ca. 100 of
redox @)-(dA)z duplex solution were then placed in a microwell cell
for electrochemical study at a ultramicro- or a millimetric polished gold
electrodeB. Hybridization of a Surface-Bound Fc-(dT),o Monolayer.
Surface hybridization experiments were performed by exposing the gold
surface-bound Fc-(d%) monolayer to 5Q:L of a ~5 uM solution of
the full complementary strand (dA)n 0.1 M NaClQ, 2.5 mM sodium
phosphate buffer pH 7.0, fd h at 25°C and then for at lea® h at
°C. The immobilized dsDNA ((dT-dAj)) monolayer electrode was
then washed with deionized water and kept in 0.1 M NaGi@ter in
a refrigerator until use.

Properties of the Fc-DNA-Modified Gold Electrodes. The
Fc-(dTye (or (dT-dA)e) modified gold electrodes exhibit excellent
electrochemical stability. In particular no decrease in the surface
coverage of terminally attached chains was detected after a series of
cyclic voltammetry measurements, the investigated potential window
extending between-0.1 V and +0.35 V. When not in use, the

(14) Anne, A.; Demaille, C.; Moiroux, Macromolecule2002 35, 5578~
5586.
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electrodes were kept in deaerated aqueous 0.1 M Na@GiOa 1.5 71 - — 1.5
refrigerator and could be used for at least 1 month with no appreciable ] i(nA) afb i(nA) -
changes in the electrochemical response. 1 1
SynthesesThe cystaminyl-protected forr@ of the B-thiol 3'-fer- ] =
rocene-(dT) oligonucleotide4 used for immobilization on gold elec- 0.5 E 2 0.5
trodes was synthesized according to the route shown in Scheme 2. 0_3 = 0
Sulfo-N-hydroxysuccinimide of 3-Ferrocenylpropanoic Acid 1. . 5
The ferrocene labeling reagehtvas prepared as follows. To a stirred -0.5 - .0.5
solution of 3-ferrocenylpropanoic acid (50 mg, 0.19 mrioi) 750 ] Evs.SCE Evs.SCEF
uL of dimethylformamide were addeéd-hydroxysulfosuccinimide (46 -1 LA L L — .1
mg, 0.21 mmol) and dicyclohexylcarbodiimide (44 mg, 0.21 mmol). 202 0 02 04 02 0 02 04

The reaction mixture was then allowed to react for 24 h. The insoluble
1,3-dicyclohexylurea was removed by filtration, and cold ethyl/

Figure 1. Cyclic voltammograms of a 1mM solution of 20-mer Fc-DNA:
(a) Fc-(dT)o (ssDNA), 2. (b) 2-(dA)2o (dSDNA). The electrode is a 0.5

dichloromethane was added to the filtrate. The resulting precipitate was mm diameter gold disk. Scan rate= 0.1 V/s. Temperatur@ = 21 °C.

dried in vacuo to yield the activated ferrocene ester Fc-NHS which
was used as such in the conjugation step.

3'-Ferrocenylated Oligonucleotide 2, p-5(dT)20-3'-Fc. A 20 mM
solution of ferrocene sulfo NHS estérin aqueous phosphate buffer
(pH 8) containing 50% DMSO was prepared and quickly filtered from
residual urea through a Millipore 0.46m HV membrane before
immediate use. In a typical experiment, approximately 2Q40nits
of the B-amino-modified oligonucleotide, p-%dT),-3'-NH, (~0.1
umol), were dissolved in 215L of phosphate buffer (pH 8.0). Then,
85 uL of the ferrocene sulfo NHS estdr solution (3.4umol) were
added. The mixture was allowed to react under stirring for 3 h. At this
point, analytical HPLC on Nucleosil & showed the quantitative
conversion of the starting oligonucleotide=€ 4.6 min) into the more
hydrophobic ferrocene-linked oligonucleotide B(8T).0-3'-Fc (tr
13.5 min). The resulting mixture was directly purified by reversed-
phase HPLC. Appropriate fractions were dried by lyophilization, and
excess salt was removed by repeated lyophilizatie8)(with de-
ionized water to yield the triethylammonium salt & Average
yield 95%. MS (MALDI-TOF) (+) data: m'z (M + H)*, 6556.1,
Ca1dH200N410147P21F€ requires 6555.2. The remarkably similar thermal
stability of (2)—(dA)2 duplex, Tm, 36 °C and unlabeled DNA oligo-
nucleotide, (p-5(dT)ze-3'-NH2)—(dA)20 duplex, Tm, 36 °C, indicates
that the presence of the tethered-(C7)-alkylferrocene unit at thled-
phate does not alter the hybridization properties of the oligonucleotide.

5'-Cystaminyl-3'-Ferrocenylated-Oligonucleotide 3, SSC2-—
5'-(dT)20-3-Fc. Coupling of cystamine to the 'phosphate of
Fc-oligonucleotide2 was performed in DMSO following a general
synthetic methodology originally reported by Godovikova efand
summarized in Scheme 2. Approximately 10 £Punits of the
triethylammonium salt of sphosphorylated oligonucleotid2 were
dissolved in 25L of dry DMSO. Then 5Q:L of a solution containing
4-(N,N-dimethylamino)pyridine (DMAP) (5 mg, 4Qumol), 2,2-
dipyridyl disulfide (6.6 mg, 3@«mol), and triphenylphosphine (7.9 mg,
30 umol) in DMSO were added under stirring. After 15 min of
activation, cystamine-dihydrochloride was added (5 mg@22l), and

Supporting electrolyte: 1 M NaClO+ 25 mM sodium phosphate buffer
pH 7.

by mass spectrometry analyses. MS (MALDI-TOR) data: m/z (M
+ H)+, 6689.9, Go3Hz0dN430146P21SFe requires 6689.4.

Results

The synthesized redox active ferrocene (Fc)-labeled DNA
oligonucleotides Fc-(d ) (2—4) used for solution and surface
electrochemical studies are shown in Scheme 2. A ferrocene
propanoyl moiety was attached through an amino linker to the
3-end of a commercially availablé-phosphate (dT) sequence,
using our synthesized sulfg-hydroxysuccinimide activated
esterl as the ferrocene labeling reagent. For preparation of the
Fc-dT, conjugate3 containing the cystaminyl residue at the
5'-phosphate (disulfide protected form dj, we adopted a
simple and reliable coupling procedtfrbased on the combined
use of Mukaiyama reagents and nucleophilic catalysis. All Fc-
dT,o derivatives were characterized by matrix-assisted laser
desorption ionization time-of-flight mass spectrometry (MALDI-
TOF MS) and exhibited a single shanpz (M + H, positive
ion mode) species peak (see Experimental Section).

Cyclic Voltammetry at a Bare Gold Electrode of
Fc-ssDNA and Perfect Duplex Fc-dsDNA Freely Diffusing
in Solution. For scan rates < 1 V/s, the cyclic voltammetry
behavior at a millimetric gold electrode 6fL mM ferrocenoyl
single- (ss) and double-stranded (ds) DNA, Fc-¢dT2 or 3),
and Fc-(dFdA)2o duplex in solution was the one expected for
planar diffusion of a freely diffusing reversible (Nernstian) redox
couplel” as shown in Figure 1. In particular, the anodi
versus cathodidH) peak-to-peak separatioBys — Epc = AE)
was of~60 mV and the anodic peak curréptwas proportional
to +/v. The standard potenti&® of the DNA-borne-ferrocene

the reaction was allowed to pursue at room temperature for 2 h. The head is thus given by the half sum of the anodic and cathodic

crude 5-cystamine-oligonucleotid@was precipitated from the mixture
with 1.5 mL of 3% LiCIQ: in acetone, centrifugated, and washed several
times with acetone. As judged by analytical RP-HPLC (peak integral)
on Supelco Supelcosil 120-5 ABZPlus (using a linear gradient of
acetonitrile in aqueous KIPO, (20 mM) and NBuKHPOs (5 mM),

pH 7.5, data not shown), the coupling efficiency was over 80%. RP-
HPLC purification was carried out as above fand afforded thiol-
protected oligonucleotid8 in 30% isolated yield (based on starting
2), with a minimum final purity of about 80%. The identity and purity
of the producB (when compared to starting materlwere confirmed

(15) Anne, A,; Blanc, B.; Moiroux, Bioconjugate Chen2001, 12, 396-405.

(16) Godovikova, T. S.; Zarytova, V. F.; Maltseva, T. V.; Khalimskaya, L. M.
Bioorg. Khim.1989 15, 1246-1252. (b) Boutorine, A. S; Le Douan, T.;
Battioni, J. P.; Mansuy, D.; Dupréd.; Hédéne, C.Bioconjugate Chem.
199Q 1, 350-356.

peak potentials, angh, = 0.446-SC,/D,Fu/RT, whereC® is

the Fc-DNA strand bulk concentratioBjs the electrode surface
area, and; is the translational diffusion coefficient of the DNA
species’ The standard potential then measured for the Fc 4dT)
chain is 145 mV/SCE and 120 mV/SCE for the Fc-(dT-gA)
duplex in good agreement with the value of 149 mV/SCE
determined earlier for ferrocenepropanoylated-poly(ethylene
glycol) Fc-PEG chaing? The small negative shift in the redox
potential &~ —25 mV) caused by hybridization suggests only
slight modifications in the local electronic environment of the

(17) Andrieux, C. P.; Sawamt, J.-M. Electrochemical reactions.llvestigations
of Rates and Mechanisms of Reactions, Techniques in ChenBgry
nasconi, C., Ed.; Wiley: New York, 1986; Vol. 6, 4/E, Part 2, pp 305
390.
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tethered-ferrocene moiety.When compared to th&°® value L5 50
for the neutral Fc-PEG chains, the redox potentials measured i(pA) a b i(pA)
for Fc-DNA indicate that extra anionic charges of the phos- 1-
phodiester backbone of ss- and dsDNA are comparably well- ., —25
screened in the chosel M NaClQ, aqueous electrolyte. 0.5— » =950 Vs?

Since experiments were run in small volumes, concentration :
effects unavoidably occurred, preventing the precise knowledge 0— ’ A Lo
of bulk concentratiorC® and consequently that @; from the -"
sole measurement df, To circumvent these uncertainties in 0.5
D; determination, we adopted an experimental approach based
on the comparison of the classical peak currigatwith the ‘( 25
diffusion-limited plateau currenifiaeasrecorded by steady-state -17] — Fe-ssDNA
voltammetry at a microelectrode (radigl given byipjateau= E(V/SCE) — Fc-dsDNA  E (V/SCE)
4FDC°a.’® Under such circumstances, the valueDpfcan be -1.5 T T T T T T -50
safely derived from the measurégkeadipeax ratio, using the 01 0 01 02 03 -01 0 0.1 0.2 03 04

following C°-independent formul&; = (iplateadipeak x 0.111%
a)ZFU/RT.ZO In this work, plateau-shaped cyclic voltammograms Figure 2. Cyclic voltammograms at a 0.5 mm diameter gold disk electrode

. . ' . bearing a 5end-grafted layer of Fc-(d%g, before hybridization (blue trace)
were easily obtamed_ for F’Oth F?'DNA at a gold microelectrode and after hybridization by complementary unlabeleg:g#trands (green
(a = 12.5um), this situation being met for scan rates of about trace). The scan rates are (ay= 20 V/s and (bl = 950 V/s. The dashed
0.05 V/s and less. Following the above-described procedure,curves correspond to background signals recorded after the DNA had been

— 6 cathodically stripped. Raw and background subtracted signals are shown.
we gounth (22 0.4) x 107 e and.(lj:t 0.4) x Temperaturel = 21 °C. Supporting electrolyte: 1 M NaClO+ 25 mM
107° cn?/s for ss- and dsDNA-Fc, respectively. The small  sogium phosphate buffer pH 7.

difference between these two values shows that the translational

diffusion coefficient of ssDNA is only weakly affected by transfer?s ks values of 0.05+ 0.02 cm/s and 0.1 0.02 cm/s
hybridization. Moreover thé; values we determined are in  are, respectively, found for Fc-ssDNA and Fc-dsDNA. Both
reasonable agreement with the values of about11®° cn¥/s values are significantly lower than the value laf~0.2—0.4
and 1.1x 1078 cn¥/s reported for the diffusion coefficients of  cm/s measured for freely diffusing dimethanolferroc&na.
ss- and ds-20mer DNA, as measured by several differentsimilar lowering ofks has also been observed for Fc-labeled
methodsi~23 poly(ethylene glycol) chaink¥ This trend can probably be
Forv > 1 V/s, and up to the highest scan rates explored, the ascribed to a depleted ferrocene head concentration at the
peak current remained proportionalst@. This result indicates  electrode surface, akin to the monomer depletion phenomenon
that Fc-(dT)o adsorption did not occur to any measurable degree predicted when polymer chains in solution are in the vicinity
and falls in line with literature work demonstrating that of nonadsorbing surfacés.
homopolymer-dT strands are only moderately prone to adsorp- Quantitative Characterization of the Fc-ssDNA Modified
tion on gold surface% Similarly, no adsorption was detected Gold Electrode Employed for Hybridization. The 3-thiol
for the Fc-(dT-dA)o duplex. terminated Fc-(d ) oligonucleotide4 (deprotected form o3)
However, at high enough scan rates, the peak-to-peakwas reacted with freshly cleaned bare gold electrode surfaces
separation increased significantly with scan rate for both ss- under conditions ensuring saturation coverage in bound{dT)
and dsDNA. This behavior indicates that the rate of the electron strands (see Experimental Section). The resulting Fcy¢dT)
transfer between the Fc redox head and the electrode thermonolayer system (Scheme 1) having a robu$hy-phosphate-
contributes to the kinetic control of the faradaic current. The C2-alkylthiolate-gold linkage exhibited a remarkable stability
peak-to-peak separation dependence onvlotflen allows us both upon storage and upon repeated voltammetric scans.
to determineks, the heterogeneous rate constant of electron  Figure 2 illustrates the cyclic voltammetry behavior typically
observed for the Fc-ssDNA-modified gold electrodeail M
o lﬁmi:kjioﬁ', ifc%ﬁELur.cj;. zHé’é?‘i'f’ngs'%g'egg' W.; Connolly, B. A NaCIQy solution, over a scan rate range spanning 4 orders
(19) (a)Microelectrodes: Theory and Applicatigrigontenegro, M. I.; Queirs, of magnitude, corresponding to an observation timg,=
Vol 197. () Amators, & physical Electiochernisiy. Pincipes, Methods X 172 1anging from 0.1s to 1.

and Applications Rubinstein, I., Ed.; Marcel Dekker: New York, 1995; For low scan rates = 0.1 V/s and up ta = 500 V/s, the

131-208. (c) Saito, Y Rev. Polarogr. 1968 15, 177. . .
(20) FAFr]'natore, C.;(A)Zzabi, M.; Calas, P.; %utand, A.; Lefrou, C.; RollinJY. VOItammerams dlsplayed a remarkable Symmetncal morphol-

, Igltecl:ltroanal. ghimlggqs%ﬁfi 45—63N Blochemsitne003 42 11745 ogy (Figure 2a). The anodic and cathodic peak currents were
(21) Stellwagen, E.; Lu, Y.; Stellwagen, N. Biochemsit2003 42, proportional to the scan rate while the peak-to-peak potential
(22) (a) Stellwagen, E.;Lu, Y. Stellwagen, N. Electrophoresis2002 23, separation was smaJLEp ~3 mV at 10 V/s. Such characteristics
2794-2803. (b) Li, S. K.; Ghanem, A.-H.; Teng, C.-L.; Hardee, G. E.; . . . .
Higuchi, W. 1. J. Pharm. Sci2001 90, 915-931. are typical of the voltammetric signal due to a surface-confined
(23) (a) Ortega, A.; Gafarde la Torre, JJ. Chem. Phys2003 119, 9914~ species exhibiting an ideal Nerstian behavfohis result
9919. (b) Stellwagen, E.; Stellwagen, N. Electrophoresis2002 23, R
2794-2803. (c) Stellwagen, N. C.; Magnudtin S.; Gelfi, C.; Righetti, ascertains that all the Fc heads are allowed to reach the electrode

P. G.Biopolymers2001, 58, 390-397. (d) Lui, H; Skibinska, L.; Gapinski, rf within the time frame of the voltammoagram. Hen
J.; Patkowski, A.; Fischer, E. W.; Pecora, R.Chem. Phys1998 109, surface wit the time frame of the volta ogram. Hence,

7556-7566. (e) Eimer, W.; Pecora, R. Chem. Phys1991, 94, 2324~

2329. (25) Nicholson, R. SAnal. Chem1965 37, 1351-1355.

(24) (a) Kimura-Suda, H.; Petrovykh, D. Y.; Tarlov, M. J.; Whitman, LJJ. (26) Abbou, J.; Demaille, C.; Druet, M.; Moiroux, Anal. Chem.2002 74,
Am. Chem. So2003 125, 9014-9015. (b) Demers, L. M.; &tblom, M.; 6355-6363.
Zhang, H.; Jang, N.-H.; Liedberg, B.; Mirkin, C. A. Am. Chem. Soc. (27) de Gennes, P. Gcaling Concepts in Polymer Physi€ornell University
2002 124, 11248-11249. Press: Ithaca, NY, 1991; pp 881.
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No,ss the total amount of DNA-bound Fc heads, can be derived .
from the area under either the anodic or cathodic peak, corrected 127 #pa [(Nyv) @A sV molx 1014 a
for background current, yielding for the saturating valgss
= (1.24 0.1) x 10~ mol. Since one Fc pertains to one chain,
the corresponding surface concentratiog in grafted (dT)o

10

chains per crhof effective surface are&y (measured as 8

described in the Experimental Section) ensues fiogn= 6

NosdSir = (1.6 & 0.15) x 10712 mol/cn?. The value we

obtained fol'sg in many independent runs, corresponds to less 4

than 5% of a theoretically fully packed monolayer-e20-mer

chains?® which means that the system is loosely packed as 2

previously reported. Notably, this low probe density lies in the ol ..o 1 2 | e
same range as that of many recent applications that exploit DNA 025 : N ‘o b
hybridization3® The average distance between the anchoring 1 ’pa/(No ") ;

points of the DNA strands is of1/,/ /T~ 10 nm (!’is the 1 @A (Visy"mol < 104 %
Avogadro number) and is thus larger than the contour length 0'2_; ;

of dTy (~Lss = 8.6 nm). Consequently, it can be safely ]

concluded that there is no lateral interactions between neigh- 0-157] S

boring grafted strands for the present system. The standard

potential of the Fc head is determined from the common value 0.1 o

of the anodic and cathodic peak potentials of the reversible ]

surface signals yielding=® = 145 mV/SCE. This value is 0.05 .'". e _o®
identical to the one determined above for the standard potential ] ¥ peak

of Fc-ssDNA freely diffusing in solution, showing that the 0- . oy oy 3

environment experienced by the Fc heads borne by the strands 1
is similar in both cases. In addition, the peak of the voltammetric -
signal has a full width at mid-maximum of 95 mV, which is
close to the 90 mV predicted for identical, noninteracting i
tethered redox groups, located outside the charge double3fayer. -
At very high scan ratesy(= 1000 V/s), and as can be seen in 0-
Figure 2b, the voltammograms retained the symmetrical mor- i
phology typical of surface signals. 1
As seen in Figure 3a (open symbols), the ratio of the anodic 50
peak current of the voltammograms over the scan iigie, i
remained constant throughout the explored scan rate range. This 1
behavior indicates either that Fc-(d{lies flat on the electrode ——— T
surface, as a result of the adsorption of its bases, or that the -1 0 1 2 3 4
dynamics of the ferrocene head borne by the ssDNA strand is figure 3. Scan rates dependence of the anodic peak curiignand of the
too fast to be characterized, even at the highest scan rate weanodic and cathodic peak potentiBjs andEy of the cyclic voltammograms
could access. The possibility of the end-grafted Fc-ssDNA strand 'ecorded at a gold electrode bearing'eefd-grafted layer of Fc-(did

. . before (open symbols) and after (filled symbols) hybridization by fully
lying flat on the electrode can be ruled out, as cyclic voltam- complementary (dA) target. In (a) and (b) the peak current is normalized

metry of Fc-(dT)o in solution indicated that spontaneous yersusy and+/, respectively, and versus the total amount of Fc hebigls
adsorption of Fc-DNA did not occur, a result we recently = S x I'=1.2 x 107 mol before hydridization and 1.05 10-4 mol

confirmed by electrochemical SECM/AFM measurements (un- after hybridization). The continuous lines correspond to a theoretical fit of

. ) the data obtained for the hybridized DNA layer, using the in-plane elastic
published data). It can thus be concluded that the Fc-ssDNA bending model WittD = 2.5 16 51, 6y = 40, 4 = 30. The dotted line

layer actually consists of isolated coiled DNA chains in & so- corresponds to a fit of the data obtained for the nonhybridized DNA layer,
called mushroom configuraticid The chain size is characterized  using Laviron’s theory for surface-bound spe&esith a transfer coefficient

by the Flory radiusR- which, under high salt conditions and in ~ ©f @ = 0.5 andk, = 4 x 10" s*. The arrow shows how the value ofeax
a good solvent like water, is given ByR- = |pss(Lss/|pss)3/5 ~ ~150 V/s is estimated from the experimental data.

4—6 nm, taking a value off,ss~ 1—3 nn¥3 for the persistence
length of poly(dT). The Fc-ssDNA layer then behaves in a way

_F°
E -E° (mV)

Epc-E° (mV)

equivalent to a thin redox lay&#34of a thickness comparable
in size with Re,12214within which diffusion of the Fc head is
(28) (a) Laviron, E. Voltammetric Methods for the Study of Adsorbed Species. fast on the time scale of the experiment due to the hlgh erXIbIIIty

In Electroanalytical ChemistryBard, A. J., Ed.; Marcel Dekker: New York, of the ssDNA chain.
1982; Vol. 12, pp 53157. (b) Laviron, EJ. Electroanal. Chem1979

101 19-28. The peak-to-peak separation, observed at the highest scan
(29) %eg'?,égBS-iLevickyy R.L.; Herne, T. M.; Tarlov, M. Biophys. J200Q rate explored (Figure 3c, open symbols), indicates that the

(30) (a) Peterson, A. W.; Wolf, L. K.; Georgiadis, R. M. Am. Chem. Soc.
2002 142 14601-14607. (b) Steel, A. B.; Herne, T. M.; Tarlov, M. J. (33) (a) Kuznetsov, S. V.; Shen, Y.; Benight, A. S.; AnsariBfophys. J2001,

Anal. Chem.1998 70, 4670-4677. (c) Demers, I. M.; Mirkin, R. C.; 81, 2864-2875. (b) Mills, J. B.; Vacano, E.; Hagerman, PJJMol. Biol.
Reynolds, R. A.; Letsinger, R. L.; Highanian, R.; ViswanadhamAfal. 1999 285 245-257. (c) Tinland, B.; Pluen, A.; Strun, J.; Weill, G.
Chem.200Q 72, 5535-5541. Macromolecules997, 30, 5763-5765.
(31) Smith, C. P.; White, H. SAnal. Chem1992 64, 2398-2405. (34) Hubbard, A. T.; Anson, F. C. IBlectroanalytical ChemistryBard, A. J.,
(32) de Gennes, P. ®lacromoleculed98Q 13, 1069-1075. Ed.; Marcel Dekker: New York, 1982; Vol. 4, pp 12214.
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electron transfer between the Fc heads and the electrode startfollowing the variation predicted for a surface procésthe

to contribute to the kinetic control of the faradaic current. The
variation of bothE,, andEpc with log(v) can thus be fitted using

variation corresponding to the (dT-d#) duplex is bell-
shaped: it departs from the surface-regime curve at100

the theoretical expression of the voltammogram, derived by V/s, passes by a maximum at~200 V/s, before decreasing

Laviror?8 in the case of a slow electron transfer to surface-

continuously untily ~5000 V/s. At this scan rate the peak

confined species (Figure 3c, open symbols). The only adjustablecurrent function is only wortf/q of its value before hybridiza-

parameter is then the electron-transfer rate congtattie best

fit value of which is found to be oo = (4 £ 1) x 10*sL. In

the framework of the thin layer mode; is related tdks andl,

the thin layer thickness, bl = k¢/1.280 Using the value oks
determined above for Fc-ssDNA strands in solution yields a
value ofl = 14 + 8 nm, which is, as expected, comparable
with Re.

Voltammetric Features of the Hybridized Fc-dsDNA
Layer. The fully hybridized Fc-dsDNA layer was formed by
exposing the Fc-(dky-modified electrode to a5 M solution
of fully complementary (dAy target in 0.1 M NaCIlQ (pH 7)
at 20°C for at leas2 h and was analyzed by cyclic voltammetry
in the regime of very high ionic strength (1 M NaG)O

At a low enough scan rate, < 20 V/s, the signal recorded
for the hybridized DNA monolayer is quite similar to the ideal

Nerstian surface voltammogram obtained before hybridization,

tion. The variations of botk,, andEp: with log(v) are presented

in Figure 3c (filled symbols). One can see that, for 10 V/s,

the anodic peak shifts positively, while the cathodic peak
potentialEp shifts negatively. The peak potentials then remain
approximately constant from > 200 V/s and up to = 1000
VI/s.

The above voltammetric behavior of the hybridized layer is
not compatible with a diffusionless electron transfer from the
electrode to the Fc head of dsDNA, which would have resulted
in a scan rate independeipl/v ratio?83°In contrast, the very
fact that theipa/«/z vs log@) plot deviates from the one
corresponding to the surface regime implies that the faradaic
current is controlled by the Fc head motional dynamics.
However, the Fc head transport mechanism cannot be planar
diffusion, or rotational diffusion of the dsDNA around its
anchoring point, since for both of these geometries a plateau-

as evidenced in Figure 2a. The peak current is proportional to Shapedpa/\/; vs log@) plot is expected?“°The occurrence of
the scan rate, while the peak separation is less than 10 mV.a maximum in theipa[x/; vs log() variation is on the other
The signal is centered around a potential of 120 mV/SCE, which hand highly reminiscent of the voltammetric behavior of a redox
corresponds nicely to the standard potential measured for freelyspecies undergoinglastic diffusioni.e., whose diffusion toward

diffusing Fc-(dT-dA)o. Integration of the forward or backward,

the electrode is hampered by a springlike tefiém.the present

background subtracted wave leads to a total amount of graftedcase diffusional motion of the Fc head necessarily implies

Fc heads\p gs= (1.054 0.1) x 10~ mol which, assuming a
complete hybridization of the layer, would correspond to a
dsDNA surface concentration &fys = (1.4 & 0.15) x 10712
mol/cn?. This value oflys is quite lower than the maximum
packing density of~5 x 10711 mol/cn¥ predicted for dsDNA
and is comparable to reported results f620—25mer dsDNA
grafted on gold>3¢ Even though much more compact dsDNA
layers are described in the literatfré3’ the value ofl’4s we

obtained is advantageously lower than the highest coverage of

~10"1 mol/cn? allowing complete hybridization of the stran@s.
The comparison of 4s andT'ss indicates that the hybridization
process occurs with only a slight(5%) loss in the anchored
Fc-DNA chains.

For » > 20 V/s and as the scan rate was raised, the
voltammetric behavior of the Fc-(dT-dAymodified electrode

bending of the duplex DNA which does act as such a flexible
tether. A model describing the voltammetric response of a redox
species undergoing elastic bending motion is thus needed to
exploit our experimental results and access the dynamics of the
duplex DNA quantitatively. Such a model, taking into account
the intrinsic elasticity of duplex DNA and the particular
geometry of the bending motion, is developed below.

Theory

Bending Conformation and Energy of Short Duplex DNA
End-Grafted to a Surface Like any linear macromoleculé&ng
dsDNA chains can be modeled as consisting of a large series
of randomly oriented segments. The elasticity of such chains is
said to be of entropic nature since it results from the random
orientation of the segments. This type of elasticity is typically

was observed to depart from the ideal surface regime recordedquantified using the Wormlike Chain model that relates the

for Fc-(dTho As seen in Figure 3a, thigdv ratio decreased

apparent spring constant of the chain to the effective length of

dramatically with increasing scan rate, to such an extent that atthe segments, also referred to as the persistence léngth

high enough scan rate the faradaic signal was hardly distin-

guishable from the background current (see Figure/2b950
V s71). Such an extinction of the dsDNA signal with increasing

generally admitted value &f for dSDNA chains is of~50 nm?#!
In contrast, the elasticity ahortdsDNA, i.e., shorter than
lp, is not of statistical origin but arises from the isotropic

scan rate can be conveniently represented by plotting the peakelasticity of the DNA double helix and consequently short

current function, defined as th@a[«/; ratio, versus log(), as

sections of DNA are typically modeled as elastic thin régls.

shown in Figure 3b. It is seen that whereas the peak currentSuch a modeling approach was shown to be valid down to the

function recorded for ssDNA continuously increases with

(35) Levicky, R.; Herne, T. M.; Tarlov, M. J.; Satija, S. B. Am. Chem. Soc.
1998 120, 9787-9792.

(36) Immos, C. E.; Lee, S. J.; Grinstaff, M. WWhemBioChen2004 5, 1100—
1103

(37) (a) Kelley, S. O.; Barton, J. K.; Jackson, N. M.; Hill, M. Gipconjugate
Chem.1997 8, 31-37. (b) Drummond, T. G.; Hill, M. G.; Barton, J. K.
J. Am. Chem. So2004 126, 15010-15011.

(38) Peterlintz, K. A.; Georgiadis, R. M.; Herne, T. M.; Tarlov, M.JJ.Am.
Chem. Soc1997, 119 3401-3402.
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(39) Actually, at a high scan rate, if the electron transfer becomes irreversible
this ratio can decrease by 30% at most, i.e., much less than what is observed
here for the ds-DNA (ref 28).

(40) (a) Amatore, C.; Bouret, A.; Maisonhaute, E.; Goldsmith, J. |.; Aarith
D. Chem—Eur. J. 2001, 7, 2206-2226. (b) Amatore, C.; Bouret, A.;
Maisonhaute, E.; Goldsmith, J. |.; AbfapH. D.Chem. Phys. Cher2001,

2, 130-134.

(41) Bloomfield, V. A.; Crothers, D. M.; Tinoco, Nucleic acids: Structures,
Properties and FunctiondJniversity Science Books: Sausalito, CA, 2000.

(42) Grossberg, A. Y.; Khokhlov, A. Rtatistical Physics of Macromolecujes
American Institute of Physics, New York, 1994; pp B4.
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Figure 4. (Top) Schematized bending behavior of Fc-dsDNA end-grafted onto the electrode surface (represented by the gray area). In (a) the DNA strand
is grafted perpendicularly to the electrode surface, whereag)ith@grafting orientation is tilted by an angle:. (Bottom) Dimensionless ferrocene head
concentratiorp as a function of the bending anghe b and b corresponding to the situations depicted, respectively, in a anthea value oft indicated

on the curves reflects the DNA-rod rigidity: the stiffer the rod, the higher

level of a few base pait$ and is therefore appropriate to elasticity of long dsDNA chains resulting from this local bending
describe the elastic property of the 20mer dsDNA used in this behavior |, is related toc by |, = «/kgT. From this expression
work. it is clear that lowc values, i.e., short persistence length values,
We first consider the case of a dsDNA-rodend grafted in are characteristic of flexible chains.
an upright positiorto the electrode surface, as shown in Figure ~ Motional Dynamics of the DNA Borne Fc Head During
4a. ltis assumed in the following that, as a consequence of thethe time course of a cyclic voltammogram, the Fc head
covalent grafting of the DNA chain to the electrode bgheort travels to and away from the electrode surface as a result of the
C2 linker (~0.3 nm in length), the attached extremity of the dsDNA rod bending. Since the hydrophilic C7 tether, linking
bulky DNA rod (~2—3 nm in diameter) is located too close to the Fc head to the'3ree end of dsDNA, is smaller in size than
the surface for the rod to have enough room to freely pivot the contour length of the 20mer dsDNA~LT nm at full
around its grafting point. Therefore the local DNA chain extinction vs 6.8 nm}?the motion of the Fc head is assimilated
direction at its anchoring point is considered as being constant.to the one of the free end of the dsDNA rod. The path of the
We also assume that dsDNA bends with a constant radius offerrocene head is thus confined to a 2D shell, the projection of
curvature, which is justified by the short contour length of the which in anyx—z plane containing the rod and perpendicular
helix (6.8 nnt) with respect td,.#2 These simple assumptions  to the electrode surface is represented as a continuous line in
allow the bent conformations of the dsDNA-rod to be derived Figure 4a.
geometrically, a few of them being represented in Figure 4a. The Fc head path in the plane is then given by
The energyE, required to bend the short dsDNA, assimilated

. . . . H 2
to a cylindrical rod of length., to a bending angle, is then _, Sin? _, Sin"6
: z=1L andx =1L
given byt1.42 260 0
1 o P wherez is the space coordinate perpendicular to the electrode
E,= kT~ 2[6’ surface and pointing away from it amds the space coordinate
parallel to the electrode surface.
o and @ being defined graphically in Figure 4a and wheris It is noteworthy that the shell along which the Fc heads are
the bending elasticity modulus of the rod. Incidentally, the free to move differ substantially from a hemispherical shell,
(43) (a) Pakleza, C.; Cognet, J. A. Nucleic Acids Re003 31, 1075-1085. (44) Considering its hydrophilicity and length, the tether probably behaves as a
(b) Santini, G. P. H.; Pakleza, C.; Cognet, J. A. Nucleic Acids Res. short water-soluble oligomer and is actually coiled, i.e., much smaller in
2003 31, 1086-1096. size than its fully extended length.
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the projection of which is shown as a dotted line in Figure 4a.
However the actual shell is still symmetrical around fteis,

and therefore the Fc head motion only has to be calculated for

the first quadrant defined, in spherical coordinateg)(as 0
<6 < 7/2 and

sin6

r==L 0 Q)

By definition in spherical coordinates, the length of an arc
element is given bys? = ar2 + r2362.
From eq 1 it ensues that along the shell

02

90/0s =
Ly/6? + sin 6 cosé(tan6 — 26)

so that the expression for the elastic bending diffusion flux then

The motion of the ferrocene heads is modeled in the is

framework of the elastic diffusion model we reported earlier in

the case of planar diffusion. This model takes into account the

forces acting on each ferrocene head namely a drag fayce
an osmotic forcé-,s, and a restoring forcEpe. This latter force
arises from the dsDNA rod elasticity that tends to bring back

_ D 0° {ac

+ ,19} @)
L J6? + sin6 cos6(tano — 26) 96

wherel is a dimensionless elasticity constant of the duplex

the ferrocene heads toward their equilibrium position, i.e., t0 DNA: 1 = k,/RT = 4«/LRT.

the top of the shell. It derives from the bending energy gradient

along the shell as

EN

)

89
as Kol as

I:be_ -

with asthe arc element along the shell ad= 4«/L a bending

At equilibrium no net current flows through the electrode so
that whateve, j = 0.
From integration of eq 2 it follows that

C = C* exp[—16%2] with C* = C(6 = 0)

Multiplying the above equation by allows the relation to be

“elasticity” constant, expressed as a molar quantity, having the expressed in terms of local surface concentrafiaf Fc heads

dimension of an energy.
In what follows, it should be borne in mind that what is

actually modeled here is the collective motion of a vast number

of Fc-tagged dsDNA rods behaving identically. As a result the

on the shell:

I =I'* exp[-16%2] (3)

problem of the ferrocene head motion can be treated equivalentlythe expression of* is obtained by integration of the surface
by considering either the bending of a single dsDNA strand or concentration over the whole shell which must leadNgothe
the motion of all of the ferrocene heads moving on the surface total number of ferrocene heads present on the electrode:

of a single virtual shell, as if all the noninteracting strands were
grafted at the same position on the electrode surface. In the

former case the problem would be solved in terms of the
probability of finding the ferrocene head on the shell within a

NO
277L.°G(1)

* =

given angular range, whether in the latter case the problem canwith
be cast in terms of surface concentration of ferrocene heads on

a singlevirtual shell. We find it more convenient to use this

latter approach. Furthermore, introducing a fictitious elementary

shell thicknesse allows us to express the elastic diffusion
problem using a ferrocene head volume concentrafion

The sum of the osmotic, dragging, and elastic bending forces

is then given by

_RTaC

Fos+ I:dr + de = C 3S

JR
— K —

wherekg, is a drag constant which quantifies the friction force
experienced by the ferrocene heads.
j is the local flux of ferrocene heads along the shell that is

thus given by
aC . Kne 39} RT89{ aC . Kne }

T{ RTﬁas kyr 0s\ 90 RT‘9

considering that most of the drag force arises from the friction
of the DNA rod on the solvent:

RT _
~D
[T

where D is the diffusion coefficient of the DNA rod to be
considered here, whose expression is discussed below.
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() = ntZ sir’ 6 ¢1 + sin 6 cosé(tang — 20)/6°

exp[-16°%2] 20

From eq 3 it is seen that the equilibrium concentration profile
of the Fc heads on the shell is Gaussian. The latgee., the
stiffer the dsDNA chain, the more heads gathered on the top of
the shell, as shown in Figure 4b.

An equivalent to Fick's second law can be derived by
considering the variatiodn of the number of ferrocene heads
within a stripe of the shell of surfac® = 2wex = 2mel sin
2010 and of volumeSds during an elementary timet:d

dn
dt

dcC

= —d(S) so thatdt _de

Sds

Taking into account the expressions3dnd & as a function
of 6 given above, one finally arrives to the following time and
space dependent differential equation describing the ferrocene
head dynamics induced by DNA bending:

2
& _ D{ 1(0)£+A2(9)

T ot Ag(e)c}

with
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A6) o* A dimensionless formulation of the elastic bending diffusion

\0) =7 - _ problem can then be obtained using the following change of
6° + sin 6 cosO(tan — 20) variable:
A,(0) = 6[26/tan6 — 1+ 2(6 cosO — sin 6) 5
= = * = —_ °
(6% + sin 0 cosO(tan6 — 2 0)) + 167 v=Dit p=TT*, & =F(E - EYRT
6 + sin 6 cosf(tand — 26) The linear variation of the electrode potential with time is
. . then given byé = St — &, whereé; is the dimensionless initial
Ay(0) = 24071 + Oltan 6 — (0 sin 6)7/ potential, taken negative enough for the voltammogram not to
(6% + sin 6 cosB(tan® — 20))] depend on its exact valdé,and § = Fu/RTE. This later

parameter compares the characteristic rotational diffusion time
1/D¢ to the cyclic voltammetry observation tinRT/Fu.

The D/L2 term which appears in the above differential The dimensionless current to be calculated is related to
equation plays the role of a rotational diffusion coefficient and the actual currenit by 4 = i/(FNoDy). .
characterizes the friction of the DNA chain on the solventduring 't iS @lso convenient to introduce the following current

its bending motion. We choose to approximate this term by the function: y* = Iv/B, which is the dimensionless equivalent
rotational diffusion CoefficientDre calculated for an end- of the I/\/; ratio used above to present the experimental data.

6 + sin O cosH(tand — 20)

tetheredrigid DNA rod rotating around its anchoring point The partial differential equation to be solved is then
which can be derived using the so-called “shish-kebab” mdel. )

It can be shown (see Sgppqrting Infqrmatiqn) that the thus p_ Al(g)a_p2_|_ AL6) @_’_ ALO)p (4)
obtained end-rotational diffusion coefficieB is one-fourth ot a0 06

of the usually considered rotational diffusion coefficient for rods.
This difference arises from the fact that usual rotational diffusion together with the following initial and boundary conditions:
coefficients correspond to the rotation of rods around their center )
of mass, whereas here the rod rotates around its anchored end. t=0,00: p=exp[-1072]
Theoretica_ll Elastic Bending Diffusion Cyclic Voltammo- T>0,0=nl2: p(rl2) = exp[—iﬂ2/8]/(1 + eE)
gram. In cyclic voltammetry the electrode potentials scanned
from an initial potentiaE; negative enough with respect to the and for reasons of symmetry @t= 0: j = 0 and thus, from eq
ferrocene/ferrocenium couple for the ferrocene heads to be in2, (8p/36)o = O.
their reduced state. Their equilibrium surface concentration The voltammetric current is derived from the local flux

profile on the shelll, is therefore given by eq 3. expressed af = 71/2 (eq 2), summed up along a circular strip
Upon scanning the potential positively the Fc heads reaching of radius 2./7 and of widthe representing the footprint of the
the electrode surface are oxidized as shell on the electrode surface to yield
P<£>—°Q+ e i =F x 27 x (2L/n)e x j(7/2) =
2
JT p JT

where P and Q respectively stand for the reduced and oxidized —FD {(_)n + /I_rp(ﬂ/ 2)}

[ 214+ 1 00 | xi2 2

form of the ferrocene head® is the standard potential of the
redox couple. The dynamics of the dsDNA strand bending does,[he corresponding dimensionless expression being
not depend on the redox state of the Fc head it bears, thus the
following conservation expression holds for any valué @ind

1 ap
S S
GO + 4720012

T'o(6) + To(0) = I* exp[—167/2]

n Apﬂ,zn/Z}

The dimensionless voltammogram depends solely orthe
and 4 parameters and, in the general case, is calculated by
solving numerically the partial differential eq 4 as described in
the Supporting Information. The simulations allowed the limiting
situations presented below to be identified.

p — 0, 0 A: Surface Regime.The potential scan rate is
slow enough, as compared to the DNA bending dynamics, so

Tp(71/2) = T o(/2) exp~ F(E — E°)/RT] that ample time is given to all of the Fc heads to reach the
electrode surface and exchange an electron with it. Therefore,
At the electrode surface, the concentration of the reduced form N0 information regarding the bending dynamics can be obtained

of the ferrocene head on the shell is then related to the electroddfom the' signa]. . '
potential by The dimensionless current is then given by

Therefore the elastic bending diffusion problem needs to be
solved only for the reduced ferrocene head.

At the electrode surfac® (= 7/2) assuming that the electron
transfer is Nersntian, i.e., fast as compared to the DNA-bending
dynamics:

I(7/2) = T* exp[—Az?8)/(1 + exp[F(E — E°)/RT]) _ 5 eXpl=d]

- 2
(1 + exp[=£])
(45) Doi, M.; Edwards, S. FThe Theory of Polymer Dynamic©xford . i . .
University Press: Oxford, 1986; pp 29295. while the corresponding anodic current is

J. AM. CHEM. SOC. = VOL. 128, NO. 2, 2006 551



ARTICLES Anne and Demaille

. _FNov  exp[-F(E — E°)/RT] o a[b e
) 2 ] B
RT (1+ exp[-F(E - E°)/RT)) 05—  0s

This expression is identical to the one predicted for the :
Nernstian behavior of a redox species irreversibly adsorbed to ¢ - o
an electrodé® The anodic and cathodic peak potentials are equal 1 -
to E°, and the peak current is proportional to the scan rate. _05_: :__05

Integration of this surface signal leads My, the total ] -
amount of Fc heads (and thus of dsDNA) present at the electrode -
surface. 47 r c r—

B — +oo, O A: Planar Diffusion Regime. This case E R ¢ Y : 15
corresponds to the scan rate being so large that only the 37 =
ferrocene heads present near the electrode surface at equilib- E -
rium are detected during the time course of the cyclic voltam- 27 — 0.5
mogram. The Fc head motion takes place over such a short 1_3 B
distance that, despite the elastic behavior and the particular i 0
geometry of the diffusion field, it is still equivalent to sim- 0 :__0'5
ple planar diffusion. Such a behavior has already been de- ] 13 £t
scribed in the case of both planar elastic bounded diffd3ion -1 e -1

and simple diffusion along spherical sheffsThe morphology 10 -5 0 5 10 -5 0 5 10

_Of the Vo!tammOQram calculated for this limiting 5“93“9” IS Figure 5. Elastic bending diffusion cyclic voltammograms calculated using
indeed similar to the one expected for planar diffusibn. the shell model in the case of stiff rods £ 10) and for increasing values
However, the equivalent redox species concentration to con-0of f: (@) =1 x 1075, (b) f =3.16x 103, (c) = 3.16, (d)B = 1 x
sider is the one at the electrode surf&a/2) so that the peak

current Is In such a case the sigmoid-shaped wave is described by the
i) = 0.446FS,C(/2) VFDuIRT equation:
with S the effective electrode surface area, i.e., the shell foot ,, — 2 - with K(1) =
print area,S, = 4Le. v aG(AK(A) 1+ e ¢ @
It ensues that, = 0.4464LI'(7/2)v FDu/RT and, finally, 24 g —92
replacingl’(s/2) by its value given by eq 3: f”/z \/0 sin cosf(tan? %) epoQZIZ] 06
0 92

. ———— exp[-An%8]

|p = 0284:N0 D?FU/RTT or
the corresponding dimensionless anodic peak current thus being FN,Df 1

i =0.63%
expl—1748 G(4) K(A) 1+ exp[—F(E — E°)/RT]
v, = 0.284Vp % )

Interestingly in thisstationary regimehe voltammogram is

In the general case, the introduction of an elastic contribution S¢an rate independent.
to the dynamics of the redox heads induces large changes of Asp (i.e.,v)is increased further, the situation corresponding
the voltammetric behavior as compared to simple diffusion. In to the limiting case described above fér— + is reached
particular the variation of the intensity and of the morphology @nd the voltammogram becomes anew peak-shaped (Figure 5d),
of the cyclic voltammograms with scan rate is deeply affected its height being proportional te/o.
by the presence of an elastic force. The variation with3 of the dimensionless anodic peak current

This is illustrated by the cyclic voltammograms presented in function 7, and peak potentials of the voltammograms,
Figure 5, calculated for a high value df= 10 and increasing  calculated for a large range éfvalues, are reported, respec-
values off3, a situation that mimics an increase of scan rate in tively, in Figure 6a and 6b.
the case of a quite stiff rod. A8is increased from low values Whatever the value of, at low enoughg values, the peak
corresponding to the surface wave situation described abovecurrent function increases smoothly withAs explained above,
(Figure 5a), the peak separation initially increases and the wavethe voltammogram then corresponds to a surface $igfa
broadens so that the signal takes an aspect resembling the onahich v, = 0.253 so thaty; = 0.25\/5. In other words, at
of a diffusional wave (Figure 5b). A8 is further increased the  slow enough scan rate the peak height is proportional tw
signal morphology continues to change until a plateau-shapedmatteri. However, the stiffer the rod (the high#), the lower
signal is obtained (Figure 5c). This situation, only observed for the scan rate at which this behavior is observed.
high enough values of lambda ¢ ~5), corresponds to the Upon increasings the peak current function levels off and
case where the DNA-rod supporting the Fc head is so rigid that passes through a maximum before decreasing asymptotically
most of the heads remain gathered at the top of the shell. Thetoward a constant value reached for high engfighlues. This
Fc heads reach the electrode surface in a low stationary flux. behavior corresponds to the attainment of the planar diffusion
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Figure 6. Variation as a function of log{) of (a) the dimensionless peak
current function ¢p,) and of (b) the dimensionless anodi€yd and
cathodic €,c) peak potentials of the elastic bending diffusion voltammo-

grams, calculated using the shell model, for the value$ ioidicated on
each curve.

regime, and the peak current function value is then a rapidly
decreasing function of given by eq 5.

Interestingly, the peak current function fvariation is peak-
shapedeven for A = 0; this specific behavior is related to the
diffusion alongnonhemisphericashells?® However the peak
is much more pronounced fdr> 0, and ford > 2, thew’; S
log(B) variation develops a bell-like shape characteristic of
elastic diffusiont?

The effect of elastic bending diffusion on the calculated
variation of the peak potentials witf§ also bears strong

[ ]

102 (B peak = Fpear /RTDY)

— = —
'

J
[

'
[

1
LS

LB B L L O L L I

0 5 10 15 20 25 30 35 40 45

A=4x/LRT =41 /L

Figure 7. Working curves allowing the elasticity modulus i.e., the
persistence length, of grafted dsDNA rods to be determined from cyclic
voltammetry data (proceeding as described in the téxtiependence of
the peak valugdyeax Of the w;a vs 3 variation (see Figure 6) for various
dsDNA tilt angle value®. The dashed line curve gives the calculated
variation using the shell model f@hj = 0. Each continuous curve gives
the calculated variation for a givefy; value using the in-plane elastic
bending diffusion modell is defined asl = 4«x/LRT= 4l /L, with L as the
contour length of the dsSDNA rogBgeaxis given byfSpeak= Frpeal(RTD),
with vpeak @s the scan rate for which thga/«/; vs log) variation is
observed to pass by a maximum abfl as the end-rotational diffusion
coefficient of the dsDNA rod. The horizontal dotted line corresponds to a
Bpeakvalue of 2.3x 1073 calculated using a value &; = 2.5 x 10f st
and the experimental value ofeak= 150 V/s. The arrow shows how the
corresponding value of ~30, characterizing the bending elasticity of the
grafted (dT-dA)o duplex, is read from the curve calculated &k = 40°.

system under investigation, proceeding as follows. The scan rate
vpeaka@t which the maximum of thQ/x/z_/ vs log(v) variation is
experimentally observed can be converted intBp&u value,
provided that the value oD; is known, sincefpeak =
R'I'/(FupealD'f) and the value of (that is ultimately ofi, since

A = 4k/LRT) can then be directly read from the abscissa of the
working curve. It can also be seen from the working curve that
the value offipeax (i-€., Of vpeay is predicted to depend sharply
on the value ofl (i.e., ofk), especially at higii: varying4 by

20% results in a variation ¢peax0f about 1 order of magnitude

resemblance with the one reported in the case of planar elasticfor 4 = 10). This shows that cyclic voltammetry is potentially

bounded diffusiort? At low enoughg values the forward and
backward peak potentials are equalBd, as expected for a
surface wave. A$3 is increased both peaks shift away in
opposite directions. Fdr > ~5 this shift is linear with a slope
of ~60 mV per unit of log3 (at 25°C); the highet., the lower
the values for which this linear shift is observed. Finally when
the limiting situation corresponding f— -+ is reached§pa
= —£&, = 1.1 so that the peak separation is 60 mV a5’
Practical Characterization of Elastic Bending Diffusion
by Cyclic Voltammetry. The log(Bpear) VS A Working Curve .
The existence of a maximum in thp;a vs f (i.e., ip/«/; VS
log(v)) variation is the most striking feature of the cyclic
voltammetric characterization of elastic bending diffusion. As
seen in Figure 6a, the location of this maximum along fhe
axis, denote@yeax solely depends on the value df Taking
advantage of this, the plot presented in Figure 7, showing the
dependence gfpeacoOn 4, can be used as a working curve to
determine the bending elasticity modukuef the experimental

an extremely sensitive method to determine the bending
elasticity of end-grafted duplex DNA.

Dependence of the Voltammetric Behavior on the dsDNA
Tilt Angle. “In-Plane Elastic Bending Model” . It has been
reported that thiolated dsDNA anchored by théieBd were
not standing onto the electrode surface in an upright position,
as assumed so far, but were tilted by as much &stéward
it.46 It is intuitively expected that such a tilt would affect the
cyclic voltammetry response of Fc-dsDNA since the equilibrium
position of the ferrocene heads would then be located closer to
the electrode surface. The above elastic bending diffusion model
was therefore improved to introduce a rod tilt angle parameter,

(46) (a) Kelley, S. O.; Barton, J. K.; Jackson, N. M.; McPherson, L. D.; Potter,
A. B.; Spain, E. M.; Allen, M. J.; Hill, M. GLangmuir1998 24, 6781~
6784. (b) Zhou, D.; Sinniah, K.; Abell, C.; Rayment, Tangmuir2002
18, 8278-8281. (c) Dong, L. Q.; Zhou, J. Z.; Wu, L. L.; Dong, P.; Lin, Z.
H. Chem. Phys. LetR002 354, 458-465. (d) Zhang, Z.-L.; Pang, D.-W.;
Zhang, R.-Y.; Yan, J.-W.; Mao, B.-W.; Qi, Y.-Bioconjugate Chen2002
13, 104-109. (e) Ceres, D. M.; Barton, J. K. Am. Chem. So2003
125 14964-14965.
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as shown in Figure 4arhe equilibrium position of the ferrocene
head is tilted toward the electrode by an an@lg, and the
ferrocene head position is still referred to the ar@gleeasured
from the equilibrium position. Consequently, the equilibrium
distribution of the ferrocene heads is still a Gaussian centered
aroundd = 0 (as shown in Figure 4} but the Fc head path is
modified since the whole shell is tilted. In particular the diffusion
path toward the electrode is no longer symmetrical aradurd

0: the electrode surface is closer to the= 0 point following

the path in the tilt direction than it is following the opposite
direction. This loss of symmetry requires the problem to be
formulated and solved in a two-dimensional spherical coordinate
system. However, the problem can be kept unidimensional if
the diffusion of the ferrocene heads is restricted to within the
x—z plane containing the tilted dsDNA. The diffusion path is
no longer a shell but a ringlike path as represented in Figure
44d. Such an in-plane elastic bending diffusion model is expected
to provide a better description of the actual dynamical motion
of the Fc head the more important the tilt angle and the stiffer
the dsDNA rod.

The Fc heads can then be brought in contact with the electrode

surface by the dsDNA bending toward it either in the direction
of the tilt or in the opposite direction. So théatis allowed to
vary from Opmin = —7/2 — Oyt t0 Omax = T2 — Oyt

The formal expression of the second Fick’s law is still given
by eq 4. But thed dependent coefficient&,(0) and As(0) are
modified as follows:

A0) =
6[2(0 cosO — sin 0)?/(6% + sin 6 cosO(tan — 20)) + 167
6 + sin O cos6é(tand — 20)

A0) =
210%3 — 2(0 sin 0)?(6 + sin O cosO(tan 6 — 20))]
6° + sin 6 cosf(tand — 26)

the initial and boundary conditions being now
7=0,00: p=exp[-16%2]
7>0,0=n/2— 0y p(/2 — O4) =
exp[~A(w/2 = 04)*12)/(1 + exp[E])
7>0,0=—-n/2— 0y p(—7l2 — O4) =
exp[—A(—a/2 — 04,)7/2]/(L + expE])

The current is calculated by summing the flux of Fc heads
arriving at the electrode @ = /2 — 0y and atd = 7/2 —
04 so that the expression of the dimensionless current is

-1 J (9P 1
v G'(4.04) [T(Omm){ (39)9mm * lp"mmemln}

TOne{ (3], + 7P, |

with
G'(4,04) =

w200 V62 + Sin O cosO(tan — 20)
f—./‘[/Z—t‘)m[ 02
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Figure 8. Effect of tilting the dsDNA grafting orientation on the
characteristics of the elastic bending diffusion cyclic voltammograms.
Variation with log3) of (a) the dimensionless peak current functizpﬁ1

and of (b) the dimensionless anodic and cathodic peak potentials of the
voltammogramsEpa and &, calculated using the in-plane elastic bending
diffusion model withA = 4 and for values oby;; indicated on each curve.

and
92

T(0) =
V6% + sin @ cosé(tand — 20)

Numerical resolution of the partial differential equation (eq
4) yields the theoretical voltammogram for any setdgf, 4,
andp values (see Supporting Information for details).

To check the validity of this in-plane elastic bending diffusion
model, the simulated voltammetric behavior fa; = 0 was
compared to the one calculated with the shell model described
above. It was found that even in this worst case scenario both
models yielded similar results for > 4. Thus the in-plane
elastic bending diffusion model is expected to be a fortiori
correct for0; > 0 andi = 4.

The limiting voltammetric regimes, and corresponding mor-
phologies of the faradaic signal, described above for the shell
model, are also predicted by the in-plane elastic bending model
for any value ot < 90°. However the analytical expressions
for the corresponding voltammograms are slightly different and
are given in Supporting Information.

The tilt angle dependence of the voltammetric behavior of
an end-grafted Fc-dsDNA rod is exemplified in Figure 8 where
the characteristics of cyclic voltammograms calculatedi fer
4, and for increasing values @k;;, are plotted as a function
of 3.

It is seen that a8 is increased fromUto 90°, the variation
of the peak current function and peak potentials with scan rate
gradually lose the signature of elastic diffusion. In particular
the bell-shaped variation of the peak current function vs scan
rate progressively disappears. An extreme case corresponds to
the rod lying flat on the electrode surfadk{ = 90°) for which,
no matter the rod flexibility, and even though a Gaussian
equilibrium distribution of the ferrocene head toward the solution
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e
=
3

is also predicted, the features indicative of elastic diffusion are

[ ]

lost (see Figure 8, dashed line). 0.06 ] ip"/(NO\/;) o !

The system then behaves in a way expected for the planar { (A (V/s)" 10 mol™) [ :
diffusion of a redox species in a thin-layer cell configuratién. 0.05
Nevertheless, for reasonable value¥gf (<60°) the voltam- 0.04 =
metric behavior typical of elastic diffusion is maintained, an
increase idy; simply having the same effect as a decrease in 0.03
A (compare Figure 6 and Figure 8). This effect is quantified in 0.02]
Figure 7 where the values ffeax calculated for various values
of 6, are plotted as a function d@f One can see that, for a 0.013
given value offpea(i.€., for a corresponding experimentgkax o] M
value), thel value to be read from the working curve strongly 80 b
depends on the value 6f;;: the higher the tilt, the higher the 0] Ew 7@V '
corresponding stiffness. Therefore, quantifyingl, i.e., the 40 ’t’
persistence length of duplex DNA, from the analysis of 20
voltammetry data, requires that the value @f; is known 0—fa—p
independently. Equivalently, this also means that the orientation 20
of a duplex DNA of known persistence length can be deduced _40_5
from cyclic voltammetry data. In either case, the necessary log- E I\
(Bpeay VS A working curve can be calculated for any value of 60 1 EE° (mV)
O, using the analytical expression (eq S1) given in the e log(v (V/s))
Supporting Information. Finally it is worth emphasizing that -100 1' T ‘([)‘ o ; o ; o ; o ""‘ '
the strong dependence @feac On the value ofd is largely i o
maintained even when the rod is tilted by as muchogs= Figure 9. Scan ratev dependence of the characteristics of the voltammo-

grams recorded at an electrode bearing a layer of Fc-(dBodfg) Bell-

45% a 30_% variation of the DNA'rOd _Stnffness would then shaped variation of the anodic peak current functMNm/;) vs log(),

translate into an order of magnitude shiftzigta with No = 1.05 x 1074 mol, the total amount of Fc heads present. (b)
Variation of the anodic and cathodic peak potenti&lsandEyc vs log).

Discussion The symbols correspond to the experimental data. The continuous lines

correspond to the theoretical values calculated using the in-plane elastic

Probing the Dynamics of Fc-dsDNA Monolayers by Cyclic bending model wittDf = 2.5 x 1P 573, @4 = 40°, 2 = 30. The dotted
Voltammetry. A. Determination of the Persistence Length line is calculated assuming that 5% of the strands remain nonhybridized.
of Fc-(dT-dA) 2 Using the In-Plane Elastic Bending Model
The peculiar characteristics of the voltammetric behavior of the o o S ) -
hybridized Fc-DNA monolayer that we reported previously and GSPNAZ#yields Dr = 2.5 x 10° s™%. Using this value oD,
reproduced again herare very well accounted for by the model (e experimental value afpeax~ (150 £ 50) V/s (Figure 3b)
of elastic bending diffusion developed in the present work. In iS then converted int@pea= Frpeal(RTH) = (2.4 & 0.8) x
particular the bell-shaped variation of the peak current function 10 °and a value of. ~ 30+ 1 is read from the working curve
with scan rate not only is theoretically predicted but also can ©f Figure 7 calculated fofu: = 40°. It is worth emphasizing
be exploited, in the framework of this model, to derive the that the value ofi thus derived is relatively immune to any
persistence length of dsDNA from the voltammetric data. This Uncertainty on the value afeaxor Df, since changingpeax by
can be carried out using the working curve reported in Figure & factor of, e.g., 2 only modifies the readzalue by less than
7, provided that the value dd®, the end-rotational diffusion 10%. The ent_|re experlmental bell-shaped variation of t_he_peak
coefficient of the dsDNA rod, and the duplex orientation, defined Current function with scan rate can then be quantitatively
by 64, are known. In situ AFNP-46abdeand neutron reflectivity reproduced using the in-plane elastic bending diffusion model,

studie® of layers of dsDNA oligomers, &nchored onto gold ~ With 8 = 40" and 4 = 30, a very good adjustment being
surfaces, have shown that, whatever the packing-density, theobserved between the experimental and the calculated variation

determined by dynamic light scattering experiments for 20mer

duplex adopted a preferred upward orientation with an averageor ¢ = 1000 V/s (Figure 9a).

angle between the double helix and the surface normaBof— The experimental peak potential variation with scan rate can
45°, It was further demonstrated that, when grafted onto an also be reasonably well fitted by the theoretical variation
electrode, the duplex could reorientate reversibly as a function calculated using the in-plane elastic bending model fer500

of the electrode potential for potentials higher than 0.25 V/s (see Figure 9b). Moreover the morphology of the experi-
V/SCE%6acdet less positive potentials the duplex orientation mental signals is found to closely resemble that of the
was observed to be potential-independent, the strand tilt anglevoltammograms simulated for the above value®gf;, and
then being~40° with respect to the surface nornfacde 4 (Figure 10).

Consequently, since the peak potentials of the voltammograms The bending elasticity modulusof Fc-(dT-dA) can then
recorded here fall within this latter potential region, we take be derived knowing the value afsincex = Lkyd/4 = ALkgT/4.

for the tilt angle of the duplex Fc-DNA a constant valuefgf Taking for L the literature value of 6.8 nm, reported for the
= 40°. The end-rotational coefficier®; of the duplex DNA is length of the (dT-dA), duplex, leads ta = (2.07 + 0.07) x
given byD; = D,/4 whereD; stands for the rotational diffusion 10728 J m or, in terms of persistence length,|fo= «/kgT =
coefficient of the Fc-(dT-dA) duplex (see Supporting Informa-  AL/4 = 51 4+ 2 nm. This latter value is in very good agreement
tion). Taking for D, the literature value oD, = 10’ s, as with the persistence length values reported for poly(dT).poly-
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Figure 10. (a) Cyclic voltammograms recorded at an electrode bearing a
layer of Fc-(dT-dA)o duplexes. The scan rates are as follows(in V/s)
=100 (), 200 (— —), 500 (= -), 950 (- - -), and 1900-). The current

i, in nA, is normalized versus the scan ratén V/s. (b) The corresponding
theoretical voltammograms simulated using the in-plane elastic bending
model withD; = 2.5 x 10° s, 6 = 40°, 4 = 30 and allowing for the
presence of a fraction of 5% of nonhybridized chains in the layer. In (a)

current function is seen to slowly increase with scan rate instead
of decreasing as predicted (Figure 9a). This slight departure from
the bell-shaped curve can be attributed to the growing contribu-
tion to the overall current of the faradaic signal due to the small
fraction of redox ssDNA chains that remained nonhybridized.
Whereas the current resulting from the elastic bending motion
of the hybridized strands levels off with increasing scan rate,
the intensity of the surfacelike signal due to the nonhybridized
strands continuously increases withultimately becoming the
dominant signal at high scan rates, as evidenced in Figure 3b.
The overall voltammetric currentcan then be expressed as
the weighted average @fs, the current due to the hybridized
chains, and of;s the surface signal current due to nonhybridized
chains:i = yiss + (1 — y)igs with y as the fraction of
nonhybridized chains. The theoretical peak current function can
then be calculated, using fok the value predicted by the elastic
bending diffusion model, while the value af; is calculated

the experimental voltammograms are background subtracted. The cathodicusing the theoretical expression for the voltammetric response
(backward) traces of the voltammograms recorded at 950 V/s and 1900 gf 4 thin-layer celP8 and the value ok, determined above. A

V/s are not shown. The Fc-dsDNA surface concentration E of 1.4 x
102 mol/cn?. The electrode is a 0.5 mm diameter gold disk. Temperature
T = 21 °C. Supporting electrolyte: 1 M NaClO+ 25 mM sodium
phosphate buffer pH 7.

(dA) strands, which range from 43 to 51 nm (3280 bp at
0.34 nm/bpY), as measured by triplet anisotropy decay tech-
niques?’ Such a result strongly substantiates our claim that the
intrinsic bending elasticity of DNA controls the dynamics of

slow increase of the peak current function is then theoretically
predicted fory > 1000 V/s (Figure 9a, dotted line), while the
part of the bell-shaped curve recorded forx 1000 V/s (the
one we exploited so far) remains largely unaffected. The
nonhybridized fractiony of surface-bound Fc-DNA can be
guantified by adjustment between the experimental and the
theoretically predictedip/«/z—/ dependence on scan rate for
1000 V/s, leading toy ~ 5%. The unusual shape of the peak

electron transport in molecular layers of surface grafted redox- potential vs logg) variation, observed for the Fc-dsDNA layer,

tagged dsDNA.- It also.valio!ates. the use of cyclic voltammetry s then also reproduced by theory (Figure 9b, dotted line). In
and of the elastic bending diffusion model as a powerful tandem particular, whereas the elastic bending diffusion of Fc-dsDNA
to quantify the elastic behavior of end-grafted short DNA nregicts a continuous shift of peak potentials with scan rate,

oligomers.
The dependence of the value determined foon the value
taken forfy, is worth discussing as we have theoretically shown

the contribution of the nonhybridized Fc-DNA strands to the
overall voltammetric signal results in the peak potentials
becoming almost scan rate independent from 200 V/s and

that both of these parameters control the voltammetric behavior yp to» = 1000 V/s. This highly unusud, vs log() variation

in a similar way. Allowing6y; to vary between the reported
duplex tilt angle values of 30to 45 yields A values ranging
from 20 to 37, i.e.]p values ranging from 34 to 65 nm. This
length interval encloses the rangéd gfalues reported for poly-
(dT)-poly(dA) (43—-51 nm), confirming that the duplex tilt angle
lies somewhere between 3and 48. If it is now I, which is
allowed to vary from 43 to 51 nm (i.el = 25 to 30), a
significantly narrower range of possible tilt angles for (dT-gA)
is obtained from Figure 7: 35< 604 < 40°. It is worth

can thus be used as a very sensitive diagnostic criteria for the
presence of minute fractions of nonhybridized strands within a
layer of dsDNA. Fory > 1000 V/s, the shift of the peak
potentials can be largely attributed to the rate of electron transfer
between the Fc head of the nonhybridized chains coming into
play. This is made obvious in Figure 3c where it is seen that,
as the scan rate is raised above 1000 V/s,Bheand Eyc vs
log(v) variations measured for the hybridized layer tend toward
the variation measured before hybridization. The high hybridiza-

emphasizing that, as mentioned above, simple rotational motiontjon efficiency of ~95%, measured for the present system,
of the dsDNA around its anchoring point would have resulted demonstrates that the molecular recognition capability of the

in a voltammetric behavior very different from the one observed C2-thiolated FC'(dTQ)) strands was |arge|y preserved upon their
here®? In particular the salient feature of a bell-shaped peak grafting onto a gold surface.

current function would not have been predicted in this case.

Moreover the characteristic time of the system, then simply conclusion

given by, = 1/D$ = 0.4us, would have been so fast that scan

rates higher than = RT/Fr, = 65 kV/s would have been The dramatic changes of the voltammetric behavior of a

required to access the chain dynamics. The fact that we couldmolecular layer of 5end-grafted 3ferrocenylated -(dTh

probe the dynamics of the anchored duplex DNA at scan ratesstrands, upon hybridization by fully complementary (gtA)

2 orders of magnitude lower than this demonstrates that thetarget, were demonstrated to reflect the large difference in

motional dynamics of end-tethered DNA oligomers is controlled flexibility between ssDNA and its fully complementary duplex.

by bending elasticity rather than by rotational diffusion. Before hybridization the Fc-ssDNA layer was shown to behave
B. Evaluation of the Hybridization Efficiency of End- as a diffusionless system, due to the high flexibility, i.e., the

Grafted Redox ssDNA For v >1000 V/s the experimental peak ~ Very fast dynamics, of the Fc-(djstrand. After hybridization
the unique voltammetric behavior of the Fc-(dT-dflayer,

notably characterized by an unusual bell-shaped variation of

(47) Hogan, M.; LeGrange, J.; Austin, Blature 1983 304, 752-754.
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the peak current function with scan rate, could be fully accounted of dsDNA, associated with base sequence, mismatch, or
for making use of the elastic bending diffusion model de- improper pairing.

veloped in the present work. This model describes the mo-
tion of the DNA-borne ferrocene as resulting from the elastic
bending of the duplex DNA toward and away from the elec-
trode. Analysis of the voltammetric data, in light of this

Supporting Information Available: Simulation programs to
calculate dimensionless cyclic voltammograms of a redox
species undergoing elastic bending diffusion are available from
the authors upon simple request. Details on the calculation of

unprecedented model, allows the elasticity of the DNA duplex he end-rotational diffusion coefficient for a terminally anchored
to be quantified. The good agreement between the experimentaf . . - . y
thin rod. Expressions of the dimensionless peak current for the

and theoretical voltammetric behavior we observe, together with . . . . e o
. . in-plane elastic bending model in the limiting situations of
the persistence length value 661 + 2 nm, typical of poly- N . - .
. surface, planar diffusion, and stationary regime. Analytical
(dT)-poly(dA) strands, we determined for the duplex DNA, expression for the working curve relati 10 ] for anv value
validates the use of our model and demonstrates that dsDNAo;(pg_ IDetaiIs or\thh(; ?‘ rl:u\e/rical sliﬁrrgleall;;\tion of t%’;’ cuclic
bending elasticity fully controls the dynamics of electron voltatﬁ;mo rams of a s ec?es under oinu elastic bendin ydiffu-
transport in 5anchored redox-labeled dsDNA layers. The . 09 ota spec going . 9
; . e . .~ sion. This material is available free of charge via the Internet
ensuing extremely high sensitivity of the cyclic voltammetric at htto-//pubs.acs.or
response to the flexibility of the end-grafted DNA duplex should p-/pubs.acs.org.
allow us to quantify minute alterations of the bending elasticity JA055112A
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