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Abstract: The electron/hole conduction of disordered bulk double-stranded (ds) calf thymus DNA and of
one-dimensionally aligned 12-base pair single- and double-stranded oligonucleotide monolayers on gold was
probed by testing for the occurrence of Faradaic processes. The disordered ds-DNA film was probed by doping
it with soybean peroxidase, an easy to “wire” thermostable polycationic enzyme and measuring the current
density of electroreduction of 40, to water at SCE potential. Although the current density in films with
hydrophilic electron-conducting polymeric “wires” 0.5 mAcnt?2, when ds-DNA was used to “wire” soybean
peroxidase, the current density was only @& cm~2, similar to that in the absence of an electron-conducting
enzyme-“wiring” polymer. We conclude that the diffusivity of electrons in unaligned and unstretched calf
thymus DNA is less than 18! cn? s™1. Nevertheless, the occurrence of a Faradaic reaction was observed in
the Au—S—(CH),—ds-oligo-NH-PQQ/Au—S—CH,—CH,—OH monolayer on gold, in which the helices were
one-dimensionally aligned and comprised @0 A ds-oligonucleotide segment. In these the rate constant for
PQQ electrooxidationelectroreduction was 14 0.2 s'1, only about 4-fold less than the5 1 s™1 constant

for the reference AuS—(CH,),—NH—PQQ monolayer. When two mismatches were introduced in the 12
base-pair ds-oligonucleotide (by-€ A and C— T substitutions) the constant decreased to0®.2 s~*. In

contrast, the rate for the At6—(CH,),—ss-oligo-NH-PQQ/Au—S—CH,—CH,—OH monolayer was too small

to be measured; no voltammetric waves were detected at a scan rate of 10.fWesanisotropic conduction

in the one-dimensionally ordered solid ds-DNA films is attributed to the concerted movement of cations in the
direction of the main axes of the ds-helices when an electric field is applied. Such movement causes the
high-frequency longitudinal (not the high-frequency transverse optical) polarizability to be high and thereby
makes the resolved component of the high-frequency dielectric constant high. The solid ds-DNA films also
contain less water than their solutions, which reduces the static dielectric constant relative to that of water. As
shown by Mott and Gurney, reduction of the difference between the static dielectric constant and the high-
frequency longitudinal dielectric constant increases the mean free path and the mobility of electrons in an
ionic solid and makes ds-DNA a one-dimensional semiconductor. The high frequency dielectric constant, as
described in textbooks on solid-state physics, also decreases the ionization energies of donors and greatly
extends their Bohr-radii, which are sausage-shaped in ds-DNA. A likely n-type dopant is the G-base in the
GC base pair, a dopant ionized (“oxidized”) in the high-frequency dielectric constant medium. The proposed
biological function of the insulator-to-semiconductor transition upon parallel alignment of the ds-DNA is
protection against irreversible chemical change by oxidation or reduction. Removing or adding of an electron
produces in an insulator a localized reactive radical. Adding a hole or an electron to a band of a semiconductor,
which extends over a large number of atoms, does not make any atom in the ensemble uniquely reactive.

Introduction along the long axes of the double-stranded DNA and oligo-
The occurrence or absence of a Faradaic process (an elechucleotides helices, continuing experimental and theoretical

troreduction or an electrooxidation reaction) in an ion-conduct- — e PQQ, pyrolo-quinoline-quinone (4.5-dihydro-4,5-

ing condensed phase is a rigorous test for transport, or absenc@ioxo-1H-pyrrolo-[2,37-quinoline-2,7,9-tri-carboxylic acid); TEATFB, tet-

of transport, of electron or holes: In the absence of an electron- raethylammonium-tetrafuoroborate; sulfo-NHShydroxysulfosuccinimide;

or hole-transporting process a Faradaic reaction cannot takeEPC. (3-dimethylaminopropyl)carbodiimide; HEPES[2—hydroxyethyl]

| dth f a Faradai that el (ﬁlperazmeN’-[Z-ethanesulfonlc acid]; hybridization solution: 10 mM Tris-
place, and the occurrence ot a Faradaic process proves that eleqyqroxymethylamine, 1 mM ethylenediamine tetraacetate, pH 7.5 containing
trons or holes are transported in the ion-conducting solid or 0.7 M TEATFB; Au~S—(CHy)—NH, Au film on mica, with a covalently
liquid. Electrons or holes need not be transported as such for aattached monolayer of cystamine; A8—(CHy),-NH—PQQ, Au-S—

Faradaic process to occur: They can be transiently bound to 83(/%?621)5@-’\%2— Vgt_h(gaHrzt)figg‘?gﬁég{'ﬂﬂ_ﬁ%giﬂfgﬁﬁ:ﬁ%ﬁ?_%ﬂ'czabox'

member of a redox couple, referred to as a mediator, which 5n mica onto which a monolayer of the double stranded PQQ modified
may diffuse or be polymer-bound. Here we probe, through oligonucleotide was anchored, the monolayer also containingSA«CH,—

i ; Ho—OH; Au—S—(CHy),—ss-oligo-NH-PQQ, same, with the single
studying Faradaic processes, the transport of electrons or hole§t3raln ded POQ madified oligonucieotide: SBP, soybean peroxiREBDGE.,
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work that spanned the past 37 yetrsFink and Schnenberger
recently reported passage of electron or hole current through
clusters of ds-DNA molecules (“ropes”) in vagummding that

the characteristics of the transport resembled those of a
semiconductof.Okahata and colleagues found high and aniso-
tropic conduction in densely packed, hydrated, and oriented
films of DNA helices along their main axis, but not in the plane
perpendicular to it. Kelley and her colleagues reported long-
range electron transfer across oriented ds-DNA monolayers in
which daunomycin was intercalated and covalently bound to
G-residue$.Earlier studies, mostly on DNA solutions in which
DNA helices were aligned so that their long axes were parallel,
exhibited electrical dichroism, birefringence, and anisotropic
dielectric propertie8-24 In solid films also spontaneous polar-
ization and formation of ferroelectric domains were obsefved.
The chemical community became interested in the transfer of
electrons across long distances in ds-oligonucleotides following
the photoluminescence and photochemical studies of Barton,
Turro, and their colleagues who found that the transfer remained
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always differ from that in proteins, and a theoretical model of
Beratan and colleagu€s® also suggested that the distance
dependence of the transfer rate is similar to that in proteins.
Okada et af? and Jortner et & raised the possibility of long-
range carrier transport by a hopping mechanism.

Here we compare the rates of Faradaic reactions requiring
transport of electrons or holes through disordered, bulk calf
thymus ds-DNA and through aligned oligonucleotide mono-
layers on the [111] face of gold. The DNA was grafted onto
the gold surfaces through a short (450.5 A) —S—(CH,)—
spacer-arm, bound to thé-Bhosphate. The PQQ redox couple
was covalently attached to primary amines of a3C-CH,—
CH=CH—-CO—NH—-CH,—CH,—NH, spacer, bound to a solu-
tion-side terminal thymine. A schematic drawing of the-Au
S—(CH,),—ds-oligo-NH-PQQ structure, the length of the main
axis of which was 49t 2 A, is shown in Figure 1.

Experimental Section
Gold Electrodes. Gold (99.99%) films of 100 nm thickness were

rapid even when the separation of electron donors and acceptorsputtered on freshly cleaved and Ar plasma ion-etched muskovite mica

was substantia®®30 Schuster and colleagues reported that this
was the case also in peptide nucleic acid duplékédveggers

and colleagues discovered that the long-range transfer of
electrons is conditional on properly spaced guanine resititiés.
Lewis et al®> and Fukui and TanaR&areported, however, that
the distance dependence of the electron-transfer rates did no
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faces, by the procedure of Rubinstein et'@f Immediately after the
sputtering the films were annealed at 2@for 2.5 h and then allowed
to cool ove 1 h to room temperature. The geometrical area of the
electrodes was 1 cinTo strip the impurities adsorbed during the
annealing step, the gold films were cleaned in 309@470% HSO;,

{insed with Dl-water, then soaked in absolute EtOH for 20 min (to

reductively strip any chemisorbed;Dand immediately immersed in
and reacted with the monolayer-forming disulfide solution.

Monolayer Formation. The Au—S—(CH,),—NH, monolayers were
formed by immersing the Au films in 0.02 M cystamine fe2 h3
The Au—S—(CH,),—NH—PQQ monolayers were formed by incubating
the Au—S—(CH,)>—NH; electrodes in a solution of 8 103 M PQQ,

10 mM EDC, and 10 mM sulfo-NHS in pH 7.2 HEPES. This procedure
leads to preferential condensation of the 7-carboxylic acid function of
PQQ with amines of the monolay#.

The Au—S—(CH,),—ss-oligo-NH-PQQ/Au—-S—CH,—CH,—OH
monolayer was formed as follows:'-BCGAAGGCTGAT-5 oligo-
nucleotide, mono-esterified with (H&CH,—CH,—S—), at the 3-
phosphate end and modified with-&CH,—CH=CH—CO—NH—CH,—
CH,—NH; function at the C-5 position of thé-fhymine, was purchased
from Genosys, The Woodlands, Texas. The disulfides of the hybrid
were next reacted with the gold surface by immersing the gold electrode
for >24 h in the solution containing all components of the hybridization
solution except for the complementary oligonucleotide. Incubation with
a solution of 3x 103 M PQQ, 10 mM EDC, and 10 mM sulfo-NHS
in pH 7.2 HEPES buffer led to preferential condensation of the
7-carboxylic acid function of PQ® with the amine function at the
5'-thymine. Immobilization, other than by covalent attachment to the
amine function at the'&hymine, did not take place. When the EDC
coupling agent was omitted, the cyclic voltammograms did not show
detectable PQQ peaks.

The double-stranded oligonucleotide monolayer,—/s4+(CHy),—
ds-oligo-NH-PQQ/Au-S—CH,—CH,—OH, was formed by a similar
procedure, except that th&BCGAAGGCTGAT-5 oligonucleotide,
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Figure 1. Top: Schematic drawing of the 12 base pair PQQ-bound
ds-oligonucleotide (3BACGAAGGCTGAT-5) hybrid on gold, Au-
S—(CHy)2—ds-oligo-NH-PQQ. The PQQ redox function is attached
to the B-thymine via a C-5-Ch-CH=CH—-CO—NH—-CH,—CH,—
NH; spacer arm. The length of the unit is49 + 2 A. Geometry
optimized using a 31-G* basis &tand by siting the PQQ@-plane in
parallel with the baser-plane at a distance of 3.2 A. The parallel
alignment is in accord with experimental findings in similar systéms.
Bottom: Schematic drawing of the structure of the related electrode
Au—S—(CH,),—NH—-PQQ, which has no oligonucleotide. The remain-
ing available gold surface is occupied by cystamine.

/S

mono-esterified with (H& CH,—CH,—S—), at the 3-phosphate end
and modified with a—CH,—CH=CH—-CO—NH—CH,—CH,—NH,
function at the C-5 position of the'fhymine 0.2 mM solution, was
hybridized with an equal volume 0.2 mM of its nonesterified and
unmodified complementary strandrf@ h atambient temperature in
the hybridization solution prior to reacting its disulfides with the gold
surface. Incubation with a solution of>3 103 M PQQ, 10 mM EDC
and 10 mM sulfo-NHS in pH 7.2 HEPES buffer led to preferential
condensation of the 7-carboxylic acid function of P@®®ith the amine
function of the spacer chain on the terminattymine. Immobilization

of PQQ, other than by covalent attachment to the terminal thymine,
did not occur. When the EDC coupling agent was omitted, the cyclic
voltammograms did not show detectable PQQ peaks.

Two mismatched base pairs were introduced in the-8t (CHy),—
ds-oligo-NH-PQQ hybrids by hybridizing with the'3'GCTTAT-
GACTA-5 imperfectly complementary oligonucleotide instead of the
perfectly complementary 3GCTTCCGACTA-B-oligonucleotide. The
procedure was identical with that through which the-8+(CH,).—
ds-oligo-NH-PQQ/Au-S—CH,—CH,—OH monolayer was formed
except that the concentration of the oligonucleotide with two mis-
matched base pairs in the hybridization solution was 0.1mM.

Experiments on Bulk DNA. Calf thymus DNA (cat. no. D3664)

and soybean peroxidase (cat. no. P1432) were obtained from Sigma,

J. Am. Chem. Soc., Vol. 121, No. 46, 19805

IL. Poly(ethylene glycol) diglycidyl ether (PEGDGE) cross-linker (cat.
no. 08211) was purchased from Polysciences, Warrington, PA. All other
reagents were purchased from Aldrich, Milwaukee, WI. The osmium-
containing polymer was a copolymer of poly(acrylamide) and poly-
(vinylimidazole) complexed with osmium 4:dimethyl-2,2-bipyri-
dine?® The experiments were carried out in PBS containing 1 ma
using a 3 mmdiameter vitreous carbon electrode. The electrode was
rotated at 1000 rpm and poised at SCE potential.

The component coating solutions of the SBP electrodes were
prepared as follows. The SBP solution (20 mg/mL in 0.1 M NaHCO
was mixed with an equal volume of a Nal@L2 mg/mL in water)
solution. The mixture was kept in the dark for 2 h, then centrifuged
and washed with a copious volume of 0.1 M NaHQ®ing a Microcon
30 concentrator. Calf thymus DNA (50 at 1.2 mg/mL in water) was
mixed with 1 mL of methyl imidazole buffer (20 mM, pH7) containing
0.15 M EDC and 2.5 mM hydrazine monohydrate and reacted overnight
(18 h) at room temperature. The treated DNA was then washed with
methyl imidazole buffer in a Microcon concentrator. Electrodes were
prepared by depositing/d of 85 wt % DNA (2.93 mg/mL) or PAA-
PVI-0Os—Hz (5 mg/mL), 5 wt % PEGDGE (0.5 mg/mL) and 10 wt %
SBP (9 mg/mL) onto the 3 mm glassy carbon electrodes. The electrodes
were cured in a humid atmosphere for 16 h and then overnight in
ambient air before testing. Prior to testing the electrodes were washed
in PBS for 15 min.

Instrumentation. The CVs were measured with a computer-
controlled low-noise bipotentiostat (CH Instruments, model 832) at
ambient temperature in a standard three-electrode cell, with a coiled
platinum wire auxiliary electrode and a double junction Luggin capillary
Ag/AgCl (saturated KCI internal solution) or an SCE reference
electrode. The electrolyte was pH 7.2 HEPES buffer with 0.7 M
TEATFB. The modified electrodes were rinsed with DI water before
the measurements. X-ray photoelectron spectra (XPS) were obtained
with a Physical Electronics Phi model 5700 ESCA system, operated at
1079 Torr, using monochromatic Al & X-rays at 1486.6 eV at 300
W with 2 mm focused filament. Its hemispherical analyzer was operated
at a band-pass energy of 93.9 eV (survey scan, timefstej2 s at 0.4
eV/step) or 11.75 eV (high-resolution scan, time/stefh s at 0.1 eV/
step) with the entrance aperture ) at 45 relative to the sample
surface.

Results

Experiments on Thin Films. Absence of Electrical “Wir-
ing” of Horseradish Peroxidase by Randomly Oriented
Double-Stranded DNA.Peroxidase-containing films of electron-
conducting polymers catalyze the electroreduction gdHo
water#6-51 SBP “wired” with the electron-conducting copolymer
of poly(acrylamide) and [poly(vinylimidazole) complexed with
osmium 4,4dimethyl-2,2-bipyridine*>*8produces a reduction
current of 460+ 57 uA/cm?. Upon the attempted “wiring” of
soybean peroxidase with calf thymus ds-DNA, theOhl
electroreduction current was5000 times lower, 0.LA/cm?.
The current density for cross-linked SBP without any “wiring”
polymer was also 0.LA/cm?,

Experiments on Monolayers. Surface Topology of the
Gold Electrode Carrying the Oligonucleotide Monolayers.
The micro-roughness of the gold surface was estimated by the
method of Rand and Wood3.A gold oxide monolayer was
formed by electrooxidizing the gold in 0.5 M 80, (one

(45) de Lumley, T.; Rocca, P.; Lindsay, J.; Dror, Y.; Freeman, A.; Heller,
A. Anal. Chem1995 67, 1332.

(46) Vreeke, M. S.; Maidan, R.; Heller, Anal. Chem1992 64, 3084.

(47) Vreeke, M. S.; Rocca, P.; Heller, Anal. Chem.1995 67, 303.

(48) Vreeke, M. S.; Yong, K. T.; Heller, AAnal. Chem1995 67, 4247.

(49) Bartlett, P. N.; Birkin, P. R.; Palmisano, F.; de BenedettoJG.
Chem. Soc. Faraday Tran%996 92, 3123.

(50) Bartlett, P. N.; Pletcher, D.; Zeng, J. Electrochem. Socl997,
144, 3705.

(51) Bartlett, P. N.; Birkin, P. R.; Wang, J. H.; Palmisano, F.; de

St. Louis, MO. Phosphate buffered test solution was made using Benedetto, GAnal. Chem1998 70, 3685.
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10806 J. Am. Chem. Soc., Vol. 121, No. 46, 1999

oxygen atom is chemisorbed per surface gold atom correspond-

ing to two electrons passed per gold atom at the electrooxidation/
reduction). The charge passed in the electroreduction wave of
the oxide to metallic gold was 550 20 #C cn1 2 (geometrical
area). For the 2.9 A nearest-neighbor distance on the gold [111]
surfacé? the calculated charge density for electroreduction of
the oxide monolayer, if the surface were perfectly smooth, would
have been 44@C cn2 The estimated roughness factor for
the gold surfaces was therefore (55@20)/440= 1.25+ 0.05.

Surface Density of Thiols.The surface density of AUSR
bonds in the Au-S—(CH,),—-NH, monolayer was estimated
coulometrically as described by Widrig, Chung, and Pditer.
By subtracting from the integrated anodic wave of the first CV
(where the 2-aminoethanethiolate in ABR is oxidatively
desorbed from the surface and gold oxide is formed), the
cathodic wave of the first return (where the formed gold oxide
is reduced). The difference between anodic and cathodic first
wave charges was (408 100) «C cn? corresponding to a
coverage by 6.5 1.5 x 10 thiols cni2 (actual area) and a
nearest-neighbor distance of 450.5 A. These values were
identical with those observed for monolayers of short chain
alkanethiolates on gold of similar roughn&<® and close to
the theoretically expected value of 4.9 A expected for a densely
packed, crystalline monolayer of long chain alkanethiolates tilted
at 30°C on gold [111P* For the second and following CV
cycles the charges of the anodic and cathodic waves were
identical, showing quantitative oxidative stripping of the thiol
monolayer in the first oxidation wave.

Surface Density of the PQQ-FunctionsWith the micro-
roughness and the density of thiols known, the coverage by

bound PQQ was estimated from the charge passed in the

electroreduction/oxidation of surface-bound PQQ/PQor
the Au—S—(CH,),—NH—PQQ monolayer integration yielded
7.3 uC cm? for the actual electrode area, corresponding to
coverage by 2.3« 10" molecules cm? For Au—S—(CH,),—
ds-oligo-NH-PQQ the integral was 1,/4C cni 2 for the actual
area corresponding to coverage by 4.710'2 molecules cm?.56

Additional information about the topology of the As—
(CHy),—ds-oligo-NH-PQQ/Au—S—CH,—CH,—OH monolayer
was obtained from XPS measurements (Figure 2). XPS mea-
surements report on the X-ray intensity absorbed by a certain
element and thus, on the concentration of this element in the
sample. The P:N:O:C ratio in the Ats—(CH,),—ds-oligo-
NH—PQQ/Au—S—CH,—CH,—0OH scan was 0.2:1:2:5, close to
the theoretical ratio 0.2:1:2:3 ratio expected for the oligonucle-
otide monolayer, except for the disproportionately high carbon
content, attributed to the presence of tetraethylammonium ions,
originating in the 0.7 M TEATFB hybridization solution, in the
film. The surface density of nitrogen atoms was 6110
nitrogen atoms cr?, and the measured ratio of the Au-4f/N-
1s peaks was-2.

Electron Transport Characteristics. To avoid intercalation
or electrostatic binding the polyanionic diffusional Fe(gN}- 58

(53) Hallmark, V. M.; Chiang, S.; Rabolt, J. F.; Swalen, J. D.; Wilson,
R. J.Phys. Re. Lett. 1987, 59, 2879.

(54) Widrig, C. A.; Chung, C.; Porter, M. . Electroanal. Chenml 991
310, 335.
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113 2805.

(56) Subsequent scans were identical to the first scan for theSAu
(CH)2—NH2 electrode. For the AuS—(CH,),—ss-oligo-NH electrode and
the Au—S—(CHy),—ds-oligo-NH the peak current gradually increased, and
AE, decreased in the subsequent scans. This effect shows damage to th
film upon repeated cycling.

(57) Finegold, L.; Donnell, J. TNature 1979 278 443.

(58) Kelley, S. O.; Barton J. K.; Jackson, N. M.; Hill, M. Bioconjugate
Chem.1997, 8, 31.
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Figure 2. X-PS survey scans for AtS—(CH,),—NH—PQQ (- - -)
and Au-S—(CH,),—ds-oligo-NH-PQQ/Au—S—CH,—CH,—OH
(—). Inset: Expansion of the N-1s region (The difference in peak
positions is caused by different charging of the samples).

400

and covalently bound also polyanionic (PQQ) redox couples
were chosen as probes. Kelley et al. found that the electrore-
duction/oxidation of Fe(CN§4~ did not produce measurable
voltammetric waves at 100 mV 5scan rate on (111) gold faces
after chemisorption of 6-carbon spacer ari8%—(CH,)s—p—
(15-base) oligonucleotidé§The cyclic voltammograms of Fe-
(CN)s>4~ on the 2-aminoethanethiolate (AS—(CHz),—NH,)
electrode show that the monolayer did not block the transport
of electrons, the separation of the electroreduction and elec-
trooxidation peaksAE,, being 60 mV, close to the 59 mV theo-
retical value for a Nernstian, diffusion-limited, electrochemically
reversible, one-electron redox systehThe Au—S—(CHy)>—
ss-oligo-NH/Au—S—CH,—CH,—OH monolayer totally blocked
(AE, > 500 mV) electron exchange with Fe(GR)Y*~. In
contrast, the At-S—(CH,),—ds-oligo-NH/Au—S—CH,—CH,—

OH monolayer, generated by hybridizing the very same-Au
S—(CHy),—ss-oligo-NHB monolayer/Au-S—CH,—CH,—OH,
blocked much less the exchange of electrons with Fe{€K)

(AEp > 220 mV) showing that carrier transport through the film,
or through pinholes in it, was now rapifl.

Ruling Out Pinhole Effects. Finklea, Rubinstein and their
co-workers studied the characteristics of pinholes in octade-
canethiol monolayers on gold. They showed that the voltam-
metric characteristics of pinholes differ from those of conven-
tional macroelectrodes, resembling those of microarray elec-
trodest! The observed voltammograms with Fe(GN¥~ had
the characteristics of conventional macroelectrodes, not of
microarray electrodes.

To further rule out the possibility that the reduced attenuation
of carrier transport in the double-stranded oligonucleotide
monolayer was caused by pinholes, through which FeCHy
might have diffused, the transfer of charge was probed in
monolayers with anionic PQQ redox functions covalently bound
to the solution side termini of their oligonucleotides. The PQQ
functions were attached to primary amines of spacer chains

e (59)Bard, A. J.; Faulkner, L. RElectrochemical Methods: Fundamen-
tals and ApplicationWiley: New York, 1980.

(60) Laviron, E.J. Electroanal. Chem1979 101, 19.

(61) Finklea, H. O.; Snider, D. A.; Fedyk, J.; Sabatani, E.; Gafni, Y.;
Rubinstein, [.Langmuir1993 9, 3660.
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E vs. Ag/AGCI [V] E vs Ag/AgCl [V] fully complementary oligonucleotide, TGCTTCCGACTA, with
-03 -0,2 -01 0,0 -01 00 01 02 the TGCTTATGACTA sequence. The dependence\&f, on
) the scan rate for the defective hybrid is shown at the bottom
of Figure 3. As seen in the Figure, the separation of the anodic
and cathodic peaks was significantly increased upon mismatch-
ing two base pairs in the 12-base hybrid.

P N

K

Discussion

Absence of Electron or Hole Conduction in Disordered
ds-Calf Thymus DNA: Confirming That in Absence of
Chain-Alignment Bulk Double-Stranded DNA Is Not an

0,08 Electrical Conductor, the Diffusivity of Electrons and Holes
Being Less than 10! cm? secl. Because of transport of
0.06 cations, particularly of protons, characterization of the diffusion
= of electrons or holes through a hydrated DNA matrix requires
'ﬁb o special tools. One of these is the measurement of rates of

Faradaic (electrooxidation or electroreduction) reactions. While
Faradaic reactions do require transport of ions, they do not take
place unless electrons or holes are also transported. The
particular Faradaic process that was chosen for assessing the
transport of holes or electrons through ds-DNA was the

0,02

N 1 . 1 . X
0,0 0,1 0.2 0.3 0.4 05 electroreduction of KD, to water

0,00 L

Scan Rate [V/s]

+ -
Figure 3. Top: Cyclic voltammograms, normalized for the scan rate, H,0, +2H" +2e —2H,0 @)
for the electrooxidation/reduction of PQQ/P&Uunctions bound to
the termini of monolayers on gold. AtS—(CH,),—NH—PQQ (left) This reaction takes place in films comprising a peroxidase and
and Au-S—(CHy)z—ds-0ligo-NH-PQQ/Au-S~CH,—CH,—OH (right) a hydrated and electron conducting polymer (such as polyaniline,

atv =10mV s () and 500 mV s* (—). Bottom: Dependence of o 3 copolymer of [Os(bpy)CI]*/2+ complexed polyi-vinyl
E";_':PEO on the 'sAca_nSrilt%:Hexpiilmel_ntal’\tljsiapfor ?:S_s(—cgaz: imidazole))#6-51 Peroxidases, with near-surface heme functions,
QQ @), Au—S—(CHy),—ds-oligo- QQ/AU- 2 are also electrooxidized/reduced on carbon electrodes in absence

CH,—OH (@), Au—S—(CH,),—ds-oligo-NH-PQQ with a two base pair .
mismatch M) and their fit to eq 3{) or to eq 4 {--). The error bars of a hydrated electron-conducting polymer, but only when

represent the RSD for a series of similarly made electrodes. oriented so as to bring the heme-function to the proximity of
the electrode surface. In contrast, in a hydrated electron-

bound to the 5thymine bases at the solutions side-termini of conducting polymer film all heme centers are electroactive,
the oligonucleotides. While such attachment prevented the irrespective of their orientation. The electrocatalyticQd
diffusion of the redox couple through possible pinholes, it would reduction currents are about 1000-fold higher in hydrated
have allowed their electrooxidation and electroreduction if the electron-conducting polymers with electron or hole diffusivities
oligonucleotides, whether single- or double-stranded, were lying of ~10-8 cn? s~! than they are in the absence of an electron-
flatly or nearly flatly on the surface. It would, however, not conducting hydrophilic polymer. As seen in the Results, when
have allowed electrooxidation/reduction of the PQQ couple if soybean peroxidase, a polycationic enzyme (isoelectric point
the double-stranded helices were perpendicular to, or were tilted9.5) was embedded in the polyanionic ds-calf thymus DNA
only at a small angle relative to, normal. (Figure 1) matrix, the current density of 4D, electroreduction did not
Faradaic Reaction in ds-Oligonucleotide Monolayers, exceed that seen in absence of an electron-conducting polymer,
Absence of Faradaic Reaction in ss-Oligonucleotide Mono-  remaining in both cases 0iA cm~2. Because immobilization
layers and Retardation of the Rate of the Faradaic Reaction of soybean or horseradish peroxidase in an electron-conducting
rate in ds-Monolayers with Mismatched Base Pairs.The polymer resulted in a current density %60+ 57 uA cm~2,
observed electrooxidation/electroreduction of the single-strandedthe diffusivity of electrons or holes in the matrix comprising
electrode Au-S—(CH,),—ss-oligo-NH-PQQ was so slow that ~ randomly oriented calf thymus DNA helices was less than10
at a scan rate af = 10 mV s'! no voltammetric waves were  cn? s 1. We conclude that addition of randomly oriented,
seen. The CVs for the AuS—(CH,),—NH—PQQ and Au- hydrated, double-stranded DNA did not contribute to the
S—(CHy),—ds-oligo-NH-PQQ monolayers are shown in Figure transport of either electrons or holes.
3 (top). The CV of the At-S—(CH,),—NH—PQQ monolayer Faradaic Processes Involving Electrons or Holes Passing
was similar to that reporte¥, except for a difference in its  Through a ~50 A Thick Double-Stranded Oligonucleotide
nominal redox potential, which was 0.05 V vs Ag/AgCl at pH Monolayer: Why the PQQ Functions Could Not Be On or
= 7, versus the reported 0.12 V* The dependence of the  Near the Gold Surface; and Why, Even if the Monolayers
separation of the electrooxidation and electroreduction peaks,Would Have Had some Pinholes, the Faradaic Processes
AE, on the scan rate is shown, for Au-S—(CHy),—ds-oligo- Observed Could Not Have Resulted from Theseln this
NH—PQQ, at the bottom of Figure 3. section, we analyze the structure of the aligned, PQQ-terminated
To reconfirm that hybridization did indeed enhance the rates double-stranded monolayers, which we find to be densely
of electroreduction and electrooxidation of PQQ-functions packed, point out that the peaks/areas of the voltammetric waves
covalently bound to the solution-side termini of the -As— were much larger than expected for pinholes, and point out that
(CHp)2—ss-oligo-NH-PQQ/Au—S—CH,—CH,—OH monolay- the observed increase in the separation of the anodic and
ers, imperfect hybrids with two mismatched based pairs were cathodic peaks upon mismatching two base pairs could not be
formed. The two mismatches were introduced by replacing the explained by a Faradaic process at pinholes.
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Structures of related thiol-terminated ds-oligonucleotide would have been 3% 60 A (60 A being the sum of the 48
monolayers on gold were analyzed by neutron scattétigd 2 A length of the ds-oligonucleotide, the two spacer arms and
other method§&? The earlier studies, like this one, show that of the PQQ molecule). At maximal packing, disordered non-
the helices are parallel, densely packed, and tilted at an angleoverlapping 35x 60 A cylinders can cover up to 0.56 of a
of 30 &+ 10° versus the normal to the gold surface on which surface?” Such coverage would have allowed the presence of
they are randomly distributed. The densely packed-8t up to 2.7x 102 Au—S—(CH,),—ds-oligo-NH-PQQ molecules
(CH2)2—NH2 monolayer is crystalliné!-42Establishment of an ~ cm™2. The coulometrically measured surface density of 4.7
ordered structure is attributed to the ability of the (EH,),— 102 molecules cm? rules out such a structure.

NH: groups to migrate and thereby re-organize on the gold  The observed ratio of the peaks in the photoelectron spectra
surface as the coverage increases while the monolayer formsyyas consistent with the ratio expected for a “standing™Au

In contrast, the PQQ overlayer of the AB—(CH,),—NH, base- S—(CHy),—ds-oligo-NH-PQQ/Au-S—CH,—CH,—OH mono-
layer, formed by reacting the activated carboxylate of PQQ with |ayer, except for the higher than theoretical carbon-content,
part of the monolayer's amines, cannot re-organize while the attributed to incorporation of tetraethylammonium cations from
surface density of covalently bound PQQ increases and mustthe 0.7 M TEATFB hybridization solution. The thickness of
be disordered. At maximal packing, randomly distributed this monolayer can be estimated from its measured nitrogen
nonoverlapping disks can cover one-half of a surfdcehe content and from the measured Au -4f/N-1s ratio. For the-Au
surface, when packed with randomly distributed 16 A disks of S—(CHy),—ds-oligo-NH-PQQ/Au-S—CH,—CH,—OH mono-
hydrated PQQ in the layer-forming process, can contain up t0 |ayer, the calculated nitrogen content is 6<110% nitrogen

2.5 x 10" PQQ molecules cn¥, a value close to the coulo-  atoms cm2 This value is that calculated for a packed array of
metrically measured coverage of 2310'® molecules cm?. “standing” helices normal to the gold surface with 52102

AFM investigations of DNA? have shown that the diameter  helices per crhand with 118 nitrogen atoms per helix. The
of hydrated double-strandgihelices is about 35 A. This would  value would have been 3.2 10 nitrogen atoms cn? for
also be the diameter of their circular footprints if their long axes “flatly lying” helices (at 2.7 x 10'2 helices cm? and 118
were perpendicular to the gold surface. The calculated maximal nitrogen atoms/helix). For the nearest neighbor distance of 2.9
surface density for randomly distributed nonoverlapping 35 A A on gold [111F3 and for the distance of 2.5 A between
diameter disks is 5.2 10'2molecules cm?. It is identical with neighboring [111] planes, the experimental ratio of the Au -4f/
the surface density of 52 0.8 x 10'?molecules cm?reported  N-1s peaks of~2 corresponds to a penetration of about one
by Peterlinz et al®? who measured the density by surface layer of gold atoms in the case of the perpendicular helices
plasmon resonance, and by Steel efaiho measured it by  and of less than half a gold layer atom in the case of the flatly
redox marker intercalation in mixed monolayers with 6-mer- lying helices, the penetration depth of the excitation beam in
captohexanol. Levicky et al. analyzed the structures of the the |atter case being about 280 A (the estimated maxi-
monolayers by neutron scatteriffg.They found that the  mum diameter of the counterion-packed nonhydrated DNA),
monolayers are compact and that the DNA molecules “stand” well below the actual penetration depth of the XPS-setting of
on the gold surface or are at a small angle relative to the normal gt |east 38 267 The measured surface density of 4<710'2
to it. In this study the coulometrically measured coverage in molecules cm? and the photoelectron spectra are thus consistent
the mixed ds-oligonucleotide monolayers with 2-mercapto- with an array of helices tilted at angle of less thar dlative
ethanol was 4.% 10'2 molecules cm?, within the experimental  tg normal.
error of the coverage reported by Peterlinz éfalhe value is If the helices were tilted at an angle less thaf 40d there
consistent with tilting of the parallel helices at an angle of 30 \;ara some pinholes, then only a small fraction of the PQQ
+ 10° versus the normal to the gold surfé®eThe observed  nctions could have been in contact with the surface, and the
surface density provides firm evidence against the helices integral of the PQQ voltammetric waves would have been much
“lying” flatly on the gold surface. If they were, their footprint  gn\ajier than that observed, which was close to that expected
for an oligonucleotide monolayé&f.Also, if the cause of the

(62) Zhu, J. Y. http://www.molec.com/apiaccessed 1999).

(63) Peterlinz, K. A.; Georgiadis, R. M.; Herne, T. M.; Tarlov, M.JJ. observed Faradaic reactions were pinholes, the voltammetric
Am. Chem. Socdl997, 119, 3401. peaks would not have been nearly as much separated as was
46%4) Steel, A. B.; Herne, T. M,; Tarlov, M. Anal. Chem.1998§ 70, observed, the separation approaching nil in the case of a surface-

(65) Levicky, R.; Herne, T. M.; Tarlov, M. J.; Satija, S. &.Am. Chem.  bound fast and reversible redox couple. Furthermore, there
S0c.1998 120, 9787. would have been no plausible explanation of the increase in

(66) With an ellipsoidal footprint ofz(17.5 A/cos@) per filted the separation of the anodic and the cathodic peaks in the

oligonucleotide the estimated angle of tilt for the measured coverage of . . . .
4.79>< 102 molecules cm? is about%S when a maximum packing fractiogn voltammograms upon introduction of two mismatched base pairs

of 0.5 is assumed. Although there was no justification to choose a packing in & sequence of 12 base pairs.

fraction of 0.5, the packing value could not have been greater than 0.56, Rate Constants of the Electrochemical Reactions of
nor smaller than 0.5. Assuming a packing value of 0.56 and using the lower

limit of 1.2 4C cnm2 for the charge passed in the electroreduction/oxidation Fe(CN)63_/4__ and Rates of the Electrochemical Reactions of
of PQQ/PQG™ in Au—S—(CH,),—ds-oligo-NH-PQQ (worst case situa- PQQ Functions Covalently Bound to the Solution Side
tion) the calculated angle of tilt would not have exceedetl 50 Termini of the Chains: Transport of Electrons or Holes

67) A minimal penetration depth of 38 A was estimated from comparison L
Witl('l t%e denser r‘;ference Systng(CHz)z,NH,PQQ’ the ph(f’to_ through the Monolayers Increases upon Hybridization and

electron spectrum of which was measured simultaneously on the samelS Reduced When the Hybrid Is Imperfect. Equations 2-4
sample holder under identical conditions. For#8-(CH,).—NH—-PQQ relaté%8 the kinetics of electrode reactions withEp, the

the nitrogen content of the monolayer wasc7L0'* nitrogen atoms crv : ; _
(6.5 x 10 nitrogen atoms cn? for the aminoethanethiolate monolayer measured potential difference between the peak of the elec

and an overlayer with 2.3 1013 PQQ-functions cm2, containing 2 trooxidation current and the peak of the electroreduction current
nitrogens each). The Au-4f/N-1s ratio in AB—(CH,);—NH—PQQ of~21 in a cyclic voltammogram. The rate constaki$or the electrode
results in the penetration of the10 A thick PQQ-aminoethanethiolate reaction of the diffusional redox couple, Fe(@N}“*,were
layer and 11 layers of gold (28 A). ) . - AR

(68) Nicholson, R. SAnal. Chem1965 37, 1351. calculated from eq 2 in which D is the diffusivity of the redox

(69) Herne, T. M.; Tarlov, M. JJ. Am. Chem. Sod.997 119, 8916. couple in cmM s71, v is the scan rate in V3, nis the number
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of electrons transferred, anél, R, and T have their usual s 1, and for Au—-S—(CHy,),-ds-oligo-NH-PQQ monolayer with
meanings. Values o (eq 2) for different scan rates are two mismatched base pairs (by CC_AT substitutidg)was
provided by Nicholsor§8 0.6+ 02st

For a covalently surface immobilized redox couple Lavifon Possible Causes of Carrier Transport in the Au-S—
has shown that the heterogeneous rate cond¢griitr electron (CHy),-ds-oligo-NH—PQQCH,, but Not in the Au—S—
transfer between the couple and the electrode can also bgCHy),-ss-oligo-NH-PQQ layer, nor in the SBP-Doped
obtained fromAE, and v. The values ofky, AE,, andv are Disordered ds-Calf Thymus DNA Film. Possible hypotheses
related through eq 3 whefE, < 200 mV and through eq 4  explaining the apparent carrier transport in the ds-oligonucleotide
when AE, > 200 mV. Values ofm (eq 3) for different scan monolayer include, but are not limited to, the following:

rates are provided by Lavird. (@) Each helix conducts electrons, acting as a “wire”;
conductivity is an intrinsic property of the ds-DNA molecule.
ko= ‘Po(Domv-n—F)llz @) (b) Conductivity in thin solid films of ds-DNA is a colligative
RT) property of an ensemble of aligned helices. The alignment of

mnEy helices in ds-DNA aggregate results in the formation of a one-
ky= RT 3) dimensional semiconductor, just as the ordering of silicon atoms
in connected tetrahedra results in the formation of semiconduct-
_ _ _ _ 'RT)\ ing silicon. The Bohr radius of a “dopant” of the semiconducting
log ko = alog(1—0) + (1~ a)loga Iog(va) ds-DNA film is large because the high-frequency longitudinal
nFAE, dielectric constant of ds-DNA is large. The large high-frequency
2 3RT (4) longitudinal dielectric constant results of the large high-
' frequency longitudinal polarizability of ds-DNA, itself the
result of the concerted shift of cations between nearby phosphate
functions of the helix, along the long axes of the aligned helices,
in an electric field. The donors in the ds-DNA films are
reversibly electrooxidized functions of ds-DNA. The ionization
energy of donors approach&¥ when the longitudinal high-
frequency dielectric constant is high.

(c) Neither the ds-DNA helices nor their aggregates conduct
electrons or holes. Conduction results instead of electron-
exchanging collisions between flexible spacer arm-tethered, but
mobile, terminal PQQ functions. The collisions enable lateral
transport of electrons or holes in thin films of ds-DNA. The
electrons or holes drop to the gold surface upon reaching a defect
in the monolayer, such as a pinhole.

If hypothesisa were valid, the expected enhanced, electrical
communication between soybean peroxidase and the gold sur-
face should have resulted in enhanced electrocatalytic reduction
s~ (Figure 3, top). In contrast, no voltammetric waves were of H20,. Such enhancement was, however, not observed.

detected av = 10 mV s when the electrode was modified According to hypothesid, the underlying cause of carrier
with the single-stranded AtS—(CH,),—ss-oligo-NH-PQQ/ transport is the high-frequency longitudinal dielectric constant
Au—S—CH,—CH,—OH monolayer. Under the conditions of the (in reality dielec.tric function)k, W.hiCh is high When. the ds-
experiment the single stranded oligonucleotide was stretchedCNA rods are aligned. That the alignment of the helices results
by internal electrostatic repulsiéh. The 12 base pair ss- N anisotropic polarizability, and that the polarizability leads to

oligonucleotide effectively prevented electron and hole transport &/€ctric dichroism and to birefringence in DNA solutiér&

between the gold surface and the PQQ bound to the solution@d to_ferroelectric behavior in solid DNA filr#isis well
side of the films. For the AtS—(CH,),—NH—PQQ and the recognized. Hypothestsis also consistent with results showing

Au—S—(CHy),—ds-0ligo-NH-PQQ/Au—S—CH,—CH,—OH that upon chain alignment the conductivity of ds-DNA films
electrodes (Figure 3, top) the oxidation and reduction peak increas7es .drastically i_n the directjon of thg long axes of the
currents were equal, showing that the electrochemical transferhel'cess' with the semiconductor-like behavior of “ropes” of
coefficient,a, was~0.5 (eq 4). The peak currents scaled linearly PNA.” and possibly also with the requirement of the presence
with the scan rate through the 600 mV st range, a behavior of G-bases in dissolved molecular electron-transferring ds-
characteristic of surface immobilized redox couples. The DNA.3*3¢In the framework of hypothesis, G of the GC base
dependence of the values of the differences between thePr iS ionized in a medium with a large high-frequency
potentials of the peaks of the P@Qelectrooxidation waves dielectric constari and behaves as an ionized donor in the one-
(E3) and the redox potential of the P@QPQQ couple Eo dimensionally sem|conduct|n_g ds-DNA. . _
(which equal one-half of the\E, values) on the scan rate is Lateral electron transfer in monolayers, which underlies
shown at the bottom of Figure 3. The figure also shows the Nypothesis, is well-established="° Lateral electron transport
correlation between the experimentally observed scan rate@nd drainage through pinholes are, however, inconsistent with

dependences of the pment'?' dlﬁerenﬁﬁ o EO and those (70) Kittel, C.Introduction to Solid State Physicsth ed.; Wiley: New
calculated according to Laviron. The best fitting valuekgf York, 1976 p 232.

o(l—a)

When Fe(CNg3 4~ (D ~ 1075 cnm? s71) was electroreduced/
electrooxidized av = 10 mV s, AE, was 60 mV for the
Au—S—(CH,)>,—NH, electrode. For the electrode with the Au
S—(CHy),—ss-oligo-NH monolayer no voltammetric waves
were detected at = 10 mV s} in the case of the AuS—
(CHy)>—ds-oligo-NH monolayerAE, was 220 mV at = 10
mV s~L. The resulting values dfy were 4x 1072 cm s! for
the Au—S—(CH,),—NH, monolayer,~0 cm s! for the Au—
S—(CHy),—ss-oligo-NH monolayer and 2« 1072 cm s1 for
the Au—S—(CHy),—ds-oligo-NH monolayer.

The results for electrodes with PQQ covalently bound to the
solution side of their monolayers were consistent with those
obtained with the diffusing Fe(Ch) /4~ couple. The elec-
trooxidation/electroreduction waves of the A8—(CH,),—ds-
oligo-NH—PQQ/Au—S—CH,—CH,—OH electrodes resembled
those of the At-S—(CH,),—NH—PQQ electrode at = 10 mV

was 5+ 1 s~ for the electrode with the AuS—(CH,),—NH— 11((17%)0\6\gdri9, C. A; Miller, C. J.; Majda, M.J. Am. Chem. Sod.98§
gc_)%krronolaylgr, anHaI_uPe similar © the one N i / Altjh_ (72) Charych, D. H.; Majda, MThin Solid Films1992 210-211, 348,
(CHg)z-ss-oligo- QQ monolayek, was~0 s™; for the (73) Charych, D. H.; Anvar, D. J.; Majda, Mthin Solid Films1994

Au—S—(CHy),-ds-oligo-NH-PQQ monolayer it was 1% 0.2 242, 1.
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o the observed reduction in the rate of carrier transport upon  Thus, of the three hypotheses, only hypothessconsistent
introduction of mismatched base pairs, with all of the results of this study and those of two earlier

« the helix footprint-defined large (35 A) average distance ones®’ . o
between the ds-oligonucleotide bound PQQ redox functions, ~ Effect of the Magnitude of e.. We start by considering the

« the persistence of the faradaic process upon reducing the€fféct of the dielectric constant on the Bohr radius and on the
redox species concentration in the oligonucleotide contacting ionization energy of a dopant in an isotropic nonpolar, cubic

layer from=0.15 M (one PQQ function tethered to each helix) semiconductor; we then review Mott and Gurney’s treatment
to =10 mM [(Fe(CN); 34~ electrostatically repelled from the  Of electronic conduction in'ionic crystals showing that the critical
oligonucleotide contacting layer], and parameter defining carrier transport is the difference between

the static and high-frequency dielectric constants. When this
difference diminishes and if the absolute magnitude of the high
frequency dielectric constant associated with longitudinal, not
the transverse, polarization is still reasonably highiQ), then

the carriers are mobile in polar lattices. We then consider the
polarizability of an array of aligned DNA molecules, pointing
out that in KDP (potassium dihydrogen phosphate) concerted
movement of cations results in a high longitudinal polarizability,
in a high-frequency dielectric constant, and is the cause of these
crystals being ferroelectric. We cite earlier work showing that
“double-stranded DNA is similarly polarizable when its helices
are aligned, the polarization resulting in dielectric birefringence

« the conventional, rather than microarray electrode charac-
teristic$? of the voltammograms.

Lateral electron transport has been reported thus far only in
monolayers that were at least 10-fold more densely packed with
fast redox functions than the ds-oligonucleotide monolayers. In
the ds-oligonucleotide monolayers the distance between the
redox functions was defined by the 35 A diameters of the double
helices, each of which had a single terminal redox function.
Their separation may be contrasted with the about 15 A maximal
electron-transfer distance in proteins and across insulating mono
layers. Because in proteins and in insulating thiol-terminated

hydrocarbon monolayers on gold the rate of electron-transfer in solution and in ferroelectric domains in films. We then point

drops by about a factor @fper each 1 Aincrease in separation, out that the high longitudinal polarizability, resulting from

the rate for each electron-transferring step would have been concerted movement of cations, raises the high-frequency

faCtor of >10° smaller than that in an electron-transferring dielectric constant in the direction of the long axes of the helices.
protein. Furthermore, not one, but several of t_hese_ steps WOUldThis, combined with only part of the volume in the hydrated
have been required for the electron to be drained in a prnhole.fiIm being occupied by water, reduces the difference between
Nonetheless, because the PQQ redox functions were tetheredne static and high-frequency longitudinal dielectric constants
to the oligonucleotide by an eight-atom long spacer arm, ang enables the transport of carriers. Finally, we propose that
comprising both flexible and rigid domains, transport of {ne relatively easy to oxidize G-residues of GC base pairs in
electrons through a quasi-diffusional process merits consider-4s.pDNA behave as donors and are ionized when the high-
ation. In such a process neighboring redox functions at the frequency dielectric constant is high. Their ionization makes
termini of flexible tethers periodically a_pproach each other and ¢ aligned chains one-dimensional conductors, the conduction
exchange electrons. The process requires that the self-exchanggeing confined to the direction of the long axes of the helices
for PQQ be fast. Its rate is expected to scale with the frequency gng peing a colligative property of the aligned polarizable array.
of collisions and therefore with the square of the concentration |, 54 doped nonpolar semiconductor, like silicon or germa-
of the colliding and thereby self-exchanging redox species. The nium, conductivity derives of the small ionization energy and

concentration of PQQ in the maximallyl nm thick slab large Bohr radius of a dopant. The radji(eq 5) scale with the
containing the PQQ (terminally tethered to the ds-oligonucle- gjelectric constar® according to

otide of the monolayer) was0.15 M. (If a thinner slab were

assumed, the concentration would have been higher.) The

Faradaic process persisted, however, when the tethered PQQ ro = eh’/(em,) (5)

was replaced by 10 mM Fe(Cp)/4~, an anion excluded from

the immediate proximity of the polyanionic monolayer. The fact wheree is the dielectric constant (the ratio of the permittivity
that the Faradaic process persisted in 10 mM FegEXY, and to that in vacuoh is Heisenberg’s constarg,is the charge of
that the PQQ®-ds-oligonucleotide monolayer and the ds-oligo- the electron, andne is the effective electron mass. The radii
nucleotide monolayer/10 mM Fe(CN)/4~/voltammograms are typically of 36-100 A when the dielectric constants are
were similar at equal scan rate establishes that the Faradaidbetween 10 and 20.

reaction was not particularly sensitive to the concentration of  The ionization energies of the donors scale with the inverse
the redox species. Recall here that the nonhybridized ss-of the square of the dielectric const&ccording to eq 6
oligonucleotide monolayers perfectly blocked the electrooxi-

dation and the electroreduction of both freely diffusing E,— Eq= e'm/(2¢h?) (6)
Fe(CN)}*74~ and of tethered PQQ. We thus consider the

persistence of the Faradaic reaction and of its voltammetric Their typical values are of tens of meVs, on the ordekDat
characteristics upon replacing the tethered PQQ with 10 mM ambient temperatures. Because their donors are ionized, highly
Fe(CN)®/4~ to be inconsistent with lateral transport and donor-doped semiconductors are good electron conductors at
drainage of electrons through pinholes. room temperature.

The absence of microarray electrode characteristics from the DNA Films Are lonic Solids. The classical treatise on
Voltammograms adds further evidence against a pinh0|e_depen.e|ectr0nic properties of ionic solids is that of N. F. Mott and R.
dent electrode reaction. Finklea, Rubinstein, and their co-workersW. Gurney’® Their book contains two chapters that are
have shown that pinholes in an octadecanethiol monolayer onParticularly relevant to the electronic properties of DNA:
gold produce unique voltammetric characteristics, resembling chapter | considers the longitudinal polarizability, the high-
those of dot microarray®. The observed voltammograms of frequency dielectric constant of an ionic lattice, and its static
the ds-oligonucleotide monolayers, whether with diffusing Fe- ™74y mott, N. F.; Gurney, R. WElectronic Processes in lonic Crystals
(CN)e>4~ or with tethered PQQ, were, however, conventional. 2nd ed.; Oxford University Press: New York, 1950; pp 25, 82, 107.
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dielectric constant; chapter Il considers electrons in a polar films cannot be high unless the helices are aligned and that when
crystal including the mean free path of an electron and its the ds-helices are aligned, only the resolved component of the
mobility in an ionic solid. It shows that ionic crystals become high-frequency dielectric constant in the direction of the long
conductive if doped and if the mean free path of the electrons axes is high, wherefore the mean free path and mobility of
exceeds the dimensions of the lattice conségnfccording to electrons is high only along the helices; that, even if aligned,
Mott and Gurney, the mean free path and the mobility of the only films doped with a donor or with an acceptor can conduct;

electrons scale with and that the doped ds-DNA films can conduct only in one
direction, along the long axes of the helices.
8, (€, — €T Dlle, — €) () We note that though donor ionization energies and elec-

. . i . ) trooxidation potentials are related, their reactions and their values
whereg, is the static dielectric constant. Usually, in ionic solids, differ: ionization, unlike electrooxidation, does not involve
the difference is large. However, in aligned ds-DNA films the gigpiacement of ions. We do not know of electrochemical data
difference is reduced because the large longitudinal high 4t \would suggest a reversibly reducible, and thus electron-
frequency polarizability. The large polarizability results of the capturing function in DNA that could be an acceptor, or a p-type
concerted shift in the positions of the DNA's phosphate-charge- qqyant. Wwe have, therefore, no basis to suggest the possibility

balancing cations in an electric field. It increases only the ¢ p-type conduction. We do know, however, of one function
resolved component af, in the direction of the long axes of . may be reversibly ionized in a medium with a high-

the helices. The literature is rich in data of the dielectric constant dielectric constant., and may act as n-type dopant. This is the
(function), relaxation, and loss of ds-DNA solutions, but data _residue of DNA in the GC base pair of the helx82 The G
for thin solid. films made of aligned ds-DNA helices are scarce. page js the easiest to electrooxidi?&and the forming of the
On 'the bq3|s of measurements Qf Takash]FnHDmle'and _ C base pair further facilitates its oxidation/ionizatfn.
Weill10 estimated that the longitudinal low-frequency dielectric Consequently, it is possible that the observed decreage in
constant of ds-DNA was large, as high as 190 000. TakashimaUIOOn the introduction of the two mismatches through €C

provided transverse, but not longitudinal, valuesofand of AT gypstitution was caused by the increased threshold for
€ for thymus ds-DNA solutions in shear gradients causing chain yigation/ionization of the GG residues of the complementary

alignment:* Goswami and Gupfa reported a value of. = strand, which were paired in the perfect hybrid but not in the
82 at 100 kHz for ds-DNA and also reported a particularly short hybrid with the two mismatched base pairs.

dielectric relaxation time of 0.2 ms. We note that the anisotropic
€» IS 46 for the c-axis of potassium dihydrogen phosphate
(KDP), one of the best studied ferroelectrics. KDP is polarized,
like ds-DNA, by the concerted shift of the phosphate charge
balancing cations by one lattice constastis also high in other
ferroelectric, hydrogen-containing phosphates and arsenates. |
these, as in the ds-DNA, polarization results of protonating or
adding a sodium cation to one side of a lattice and deprotonating
or dissociating the sodium cation at the opposite side. The
apparently high anisotropic polarizability of ds-DNA explains

We do not know at this time whether uniaxial electron
conduction in films consisting of aligned ds-DNA molecules, a
colligative property, and long-range electron transfer in solutions
of ds-DNA, apparently a molecular property, are related. We
note, however, that the presence of G-residues is a condition
Yor long-range electron transfer in dissolved ds-DRAS

Biological significance of electron conduction in aligned
ds-DNA aggregatesAlignment, leading to electron conduction,
stabilizes ds-DNA aggregates against damage by oxidation or

why Vasilescé® found ferroelectric behavior in aligned DNA reduction. Removal of electrons from or addition of electrons
films and why Laudat et al. reported polarization-caused electret- 10 @ non-conducting polymer oxidize or reduce the polymer
like behavior in ds-DNA? when followed by a step involving the transport of ions, thus
We note that the proposed conduction differs from that of resulting in its chemical reaction. For example, one-electron
polarons in two ways; first, the Bohr orbitals of ionized donors oxidation or reduction of a polymer that. does not conduct
in ds-DNA are sausage-like and tens of A long. The electrons electrons or holes, creates a reactive radical. In ds-DNA such

are effectively delocalized, neither trapped by polarizing their OX|dat|_on or rec_iuct|on leads to the well-resear_ched Impairment
environment, nor hopping from trap-to-trap. Second, the lon- of the information stored. In contrast, the addition or removal

gitudinal polarization of the ds-DNA rods does not involve a ,Of andelectron orof a hodle dodes not Ieag toa chergicgldphange
change in the coordinates of any atom in the array, involving '" & donor or acceptor-doped semiconductor, an a '“0'_1 or
merely the adding of a proton or sodium ion to one side and its removal of one electron d(_)es not produce a reactive radical.
removal at the other, a process that may be described asBecause the band from which the charge carrier is removed, or

changing coordinates of atoms in two terminal water molecules tEe one to \INhI'Ch itis Qd%?qa exltends ina ?emlgondgctor over
in the case of protons and as terminal ion pairing and (€ entire lattice, no individual atom or function becomes

dissociation in the case of sodium cations. In this context Uniduely reactive. Thus, parallel alignment of the ds-DNA

Fornes’® estimates for ds-DNA a terminally fluctuating dipole segments in a long dguble helix.or Iir!ing up in parallel multiple
moment which is 4x 10P times greater than the permanent ds-DNA molecules, either of which will make a one (or higher)-

dipole moment of water at room temperature, and Ookubo et dimensional semiconductor, is likely to reduce the likelihood
al.™® point out that the longitudinal dielectric relaxation of ds- °f damage by oxidation (and also by reduction). Organisms

DNA is much f,aSter than of Other pOI,yeleCtrOIytes' . (80) Brett, C. M. A.; Brett, A. M. O.; Serrano, S. H. P. Electroanal.
We emphasize that our considerations apply to solid DNA chem.1994 366, 225.

films, not to discrete DNA molecules in solution; thatof the (81) Tomschik, M.; Jelen, F.; Harran, L.; Trnkova, L.; Nielsen, P. E.;
Palacek, EJ. Electroanal. Chem1999 476 71.

(75) Takashima, SAdv. Chem. Serl967, 63, 232. (82) Hutter, M.; Clark. TJ. Am. Chem. S0d.996 118 7574.
(76) Goswami, D. N.; Das Gupta, N. Biopolymers1974 13, 1549. (83) Wolf, S. G.; Frenkel, D.; Arad, T.; Finkel, S. E.; Kolter, R.; Minsky,
(77) Laudat, J.; Jelinkova, E.; Neubert, M.; Bakule, R.; Nedbal, J.; A. Nature 1999 400, 83.

Prosser, VMater. Sci.1984 10, 177. (84) The geometry was optimized with “PCSPARTAN".
(78) Forris, J. A.Phys. Re. E 1998 57, 2110. (85) Guckian, K. M.; Schweitzer, B. A.; Ren, R. X.-F.; Sheils, C. J.;
(79) Ookubo, N.; Hirai, Y.; Ito, K.; Hayakawa, Rlacromolecule4989 Paris, P. L.; Tahmassebi, D. C.; Kool, E.J.Am. Chem. S0d.996 118

22, 1359. 8182.
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might use alignment to protect their DNA when passing from constants, resolved in the direction of the long axes of the
an active-growth or multiplicative phase to a protective or helices, in aligned ds-DNA films. Whether or not this model is
inactive-dormant stage, for example upon change in the valid will only be known after the values of the two constants
environment’s temperature or chemical composition. Indeed, are measured. The model leads, however, to some verifiable
Wolf et al8 recently reported a generic process of stress-inducedpredictions: first, if the ds-DNA helices are aligned by pol-
crystallization of ds-DNA inE. coli. When stressed, the arizing their films on densely spaced interdigitated comb elec-
organism protects its DNA by generating a prot&ap that trodes, one expects to observe steady-state electron transport
rapidly co-crystallizes with ds-DNA. In thBsp-ds-DNA lattice after the ionic current decays. Second, because polarization
the Dsp occupy alternating layers, the lattice having pure ds- involves the concerted movement of cations, deuterium ex-
DNA sheets, in which the DNA molecules are aligned. Ac- change is expected to affect the conductivity. Deuterium ex-
cording to the model of this paper, such a lattice would conduct change increases the dielectric constant (from 46 to 88) and
electrons in the direction of the long axes of the aligned helices. raises the curie temperature (from 123 K to 213 K) in ferro-
We consider it likely that the organization of ds-DNA in aligned, electric potassium dihydrogen phosphate; third, upon alignment
polarizable arrays will prove to be a central evolutionary strategy of the ds-DNA in a direction perpendicular to the surface of
for preserving genetic information. Alignment is particularly the electrode, peroxidases bound to the solution-side DNA
expected in the life cycle of cells and organisms when their termini are expected to be “wired”. The oxidized peroxidase
DNA is particularly exposed and when it becomes vulnerable molecules would act as p-type dopants and which make the films
in a changed environment. conductive even if they consisted only of A and T, but contained
no G (donor) residues.
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