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Scanning electrochemical microscopy was used to examine electron transfer across a self-assembled monolayer
of thiol-modified DNA duplexes on a gold electrode. The apparent rate constant for heterogeneous ET from
a solution redox probe, Fe(CN)*~, to the gold surface through ds-DNA was 460(2) x 10~7 cm/s. With

the addition of Z&*, which resulted in the formation of a metalated DNA (M-DNA) monolayer, the rate
constant increased to 5.80.3) x 10°® cm/s. Upon treating M-DNA with EDTA, the zinc ions were released

from the monolayer and the original rate constant for the DNA duplexes was restored. The enhanced ET rate
was also observed at a DNA monolayer treated with"@a Mg?", which does not complex by the DNA

bases to form M-DNA. The binding of these cations facilitated the monolayer penetration by the probe mediator
Fe(CN)*4~ and accordingly caused an increased redox signal of the mediator at the ds-DNA-modified
electrode. Cationic or neutral mediators were not blocked by the ds-DNA monolayer. These results suggest
that although the increased electron transport through M-DNA could partially be ascribed to the intrinsic
enhancement of electric conductivity of M-DNA, which has been confirmed by photochemical studies, the
change in the surface charge of DNA monolayers on the electrode caused by the binding of metal ions to
DNA molecules may play a more important role in the enhancement of current with M-DNA.

Introduction Other metals such as Niand Cé* also form M-DNA, whereas
C&" and Mg+ are said only to associate with the phosphate
backbone. M-DNA and B-DNA are readily interconvertable,

has been the subject of numerous studies, with DNA being . 8
i . . - so that the self-assembly and molecular recognition properties
variously described as an insulator, semiconductor, or molecular .
are not losf. Several experimental results suggested that

mtmz;‘;;%g%s&gsj #:\\//: ?g\(ji:je;dsi?/iggr?égiot:igfﬁ;Ltal-nM'DNA has electronic properties that differ significantly from
P those of B-DNA’-2 Electron transfer (ET) in M-DNA was

tions of tunneling and hopping, (e.g., hole transfer) involving ted t 500 b . imatel
thesr-stacked bases on the interior of the duplex. The prevailing reported 1o occur, even over ’ gse” pairs or approximately
170 nm, following an electron “hopping” mechani$rRecent

picture now seems to be that charge transport involves hopping, lectrochemical. f | i it trv (CV). studi
for example, among G-centers, and that the base sequence playgfeC Irfoc emlcbal ,dor exa:np e, C)ngIKAVO z?r(;]m[e)'\rl);\( d)l\i lllj)l\llis
an important role in the proce&s The self-assembly of DNA ~ ©f S€ll-asseémbied monolayers ( §) of ds- and vi-

has also attracted significant attention, for example, with the N 90ld surfaces have indicated that upon conversion of B-DNA

use of DNA as a template for the construction of electronic © M'DdNo'i‘l the rate of ET through DNA monolayers in-
nanocircuits. In addition, layers of DNA have been proposed ¢'€aS€a- ) ) ) )
as the basis of electrochemical devices that can recognize DNA We have previously used scanning electrochemical micros-

hybridization and, through this, identify target DNA strands. copy (SECM) to study charge transfer through SAMs of
However, before such construction can be undertaken, thealkanethiolsi? SECM has a number of advantages over transient

electronic properties of DNA need to be explored in detail.  electrochemical methods such as CV. The small tip size means
Lee and co-workers reported a new form of DNA, called that only a small area of a SAM is addressed, making the
M-DNA, in which divalent metal ions are associated with Mmeasured response less susceptible to effects from pinholes and
individual bases in the DNA dupléxin such structures, the  defects in the film. The small tip currents, usually in the nA
metal ion was reported to replace one of the protons on the range, make the technique immune to uncompensated resistance
hydrogen-bonded interface of the two interacting bases. Titration effects, which is important in quantitative kinetic studies.
experiments have shown that addition oRZicauses the loss ~ Moreover, because the measurements involve steady-state
of specific proton signals associated with the hydrogen-bonding currents, double-layer capacitive effects and the electrochemical
between bases on the two complementary strGrdsDNA response of adsorbed species are unimportant in the measure-
forms under mildly basic conditions in the presence of divalent ments. Thus, we thought it useful to repeat ET studies with a
metal ions such as Zn (pH 8.5) and at low ionic strength.  double-stranded DNA (ds-DNA)-modified electrode by SECM,
including effects of conversion to M-DNA. We have measured
* Corresponding author. E-mail: ajbard@mail.utexas.edu. the apparent rate of electron-transfer between a substrate gold

The transport of charges (electrons and holes) through DNA
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electrode through a ds-DNA molecular bridge attached to the
electrode surface with a disulfide linker, and the frequently used
mediator, Fe(CNf/4~, as well as other redox mediators, in
solution by SECM. While the apparent ET rates measured with
SECM were qualitatively in agreement with those previously
obtained from voltammetric measurements for Fe(&Ny,

the overall results suggest that penetration of the DNA layers
by the mediator plays an important role in the observed
electrochemical response.

Microelectrode tip

/e N\
Fe(CN)s" Fe(CN)s™

Experimental Section te

Chemicals.Ru(NHz)sCls and acetylferrocene were purchased
from Strem Chemicals (Newburyport, MA). Potassium ferri-
cyanide was obtained from MCB Manufacturing Chemicals Inc.
(Cincinnati, OH), EDTA from EM Science (Gibbstown, NJ),
and ferrocenecarboxaldehyde, ferrocenemethanol, and znCIO
from Aldrich (Milwaukee, WI). All commercial chemicals were
used as received. Tris(2;Bipyridyl)cobalt(ll) dichloride
[Co(bpy)kCly] and tris(1,10-phenanthroline)cobalt(ll) dichloride
[Co(phen)Cl,] were prepared according to previously reported
procedured:? All other chemicals used for preparing supporting
electrolytes (NaCl, NaCIQ HCIO;, Tris, CaAe, MgAc,) were (0.2 mM) was added onto the cleaned gold electrode, which
reagent grade. Solutions were prepared in high-purity water was then kept in a small Petri dish (3510 mm). The small
(p = 18 MQ cm) from a Millipore Milli-Q water purification Petri dish was wrapped with Parafilm in a larger closed Petri
system. dish (100 x 15 mm) containing several drops of water, to

DNA Synthesis. Oligonucleotides were synthesized using maintain high humidity, and kept at room temperature for 5
standard solid-phase phosphoramidite chemistry on CPG (con-days. Before SECM measurements, the electrodes were rinsed
trolled pore glass)? The synthesis was carried out on a fully  with 20 mM tris-CIQ, buffer and dried in a stream of argon.
automated Beckman 1000M DNA Synthesizer at the Plant The M-DNA monolayer was prepared by exposing the ds-DNA
Biotechnology Institute (PBI-NRC, Saskatoon, Canada). After monolayer to a solution of 0.3 mM Zn(CK in 20 mM tris-
termination of the synthesis, concentrated ammonia was usedcC|O, buffer (pH 8.6) for at least 2 h.
to remove the DNA from the CPG. Thé&rminal amine group SECM Instrumentation and Procedure. Electrochemical
in the deprotected oligonucleotide was further derivatized with experiments were carried out with a CHI-900 scanning elec-
dithiothreitol (Glen Research, Sterling, VA) to produce trochemical microscope (CH Instruments, Austin, TX) employ-
5'-dithiol-terminated oligonucleotidéd. The oligonucleotides  ing a three-electrode cell with the gold electrode as the working
were purified by two-step reversed-phase HPLC with a C18 electrode, a platinum wire as the counter electrode, and
column, using acetonitrile/triethylamine acetate (TEAA) Hg/HgSO, (saturated with KSQy) as the reference electrode.
(pH 7.4). Finally, the synthesized oligonucleotides were char- The SECM approach curves were obtained with au@s-
acterized by matrix-assisted laser desorption ionization time- diameter Pt or Au tip. These tips were polished with 0u05-
of-flight mass spectroscopy (MALDI-TOFMS). Calculated alumina before each experiment. The DNA-modified gold

molecular ions were identical to those obtained experimentally. electrode was attached to the bottom of a Teflon cell using an
The 20-base sequences of the disulfide-modified oligonucleotide O-ring. The solution was purged with argon for 10 min before

<— DNA duplexes

S 8§

Gold electrode

S 8 8§ § S8 S

Figure 1. Schematic diagram of SECM measurement of electron
transfer through DNA duplexes.

and its complementary strand are the following:

SS-3-GTCACGATGGCCCAGTAGTT-31
5'-AACTACTGGGCCATCGTGAC-32

measurements.

Results and Discussion

Electron Transfer at DNA Monolayers with Tip-Gener-
ated Fe(CN)}3~. SECM has recently been used to measure the

where SS represents the dithiol group that can attach to the Aurates of electron-transfer across self-assembled alkanethiol

substrate.

DNA Monolayer Deposition. 1 was hybridized with2 by
combining equimolar amounts of each strand (in 20 mM tris-
ClO4, pH 8.6) for a final solution of 0.2 mM duplex. The mixture
was heated at 5TC for 5 min and then kept at room-temperature
overnight. Just before deposition on the gold surfaces, 0.4 M
NaClO, was added to the DNA incubation solution. The gold

monolayerg? In the present work, we applied a similar strategy
to measure the rate of ET through ds-DNA and M-DNA
monolayers. In the feedback mode of SECM, a redox mediator,
such as Fe(CNJ, is oxidized at the tip electrode with the tip
potential adjusted to oxidize Fe(C) at a diffusion-controlled
rate. When the tip is far away from the DNA-modified gold
substrate, a steady-state currént, flows. This current results

substrates were prepared by thermal evaporation of chromiumfrom the hemispherical diffusion of Fe(CN) to the tip. As

followed by gold (99.99% purity) onto a glass slide at
approximately 1x 1078 Torr. The thickness of the chromium
and gold films were typically 30 and 156@000 A, respec-
tively. Before modification, the gold surfaces were cleaned
through sequential and repetitive immersion in sulfochromic acid
(saturated N£Cr,O; in concentrated p8Qy) and 5% HF> and
then thoroughly rinsed with Milli-Q water and dried in a stream
of pure argon. A volume of 5Q:L of ds-DNA solution

the tip is brought close to the substrate, i.e., within a few tip
radii, the Fe(CN§®~ generated at the tip diffuses to the DNA/
solution interface where it can be reduced via ET through the
DNA monolayer (Figure 1). This process generates Fe¢(EN)

at the interface and produces an enhancement in the faradic
current at the tip electrode depending on the tip/substrate
separation and the rate of ET through the DNA monolayer.
Quantitative theory has been developed for different modes of
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Figure 2. Cyclic voltammograms for 1 mM Kee(CN} in 20 mM
Tris-ClOy/50 mM NaClQ (pH 8.5) at a bare (a) and a ds-DNA-modified
gold electrode (b). The potential scan rate was 100 mV/s.

Es-E°, V
Figure 4. The apparent rate constak} ys substrate potential measured
at a ds-DNA-modified gold electrode in a solution containing 1 mM
K4Fe(CN), 50 mM NaClQ, and 20 mM Tris-CIQ (pH 8.5).k was
15 - determined by fitting the approach curves as shown in Figure 3 to

SECM theory.

€ TABLE 1: Standard Rate Constants for Electron Transfer

g 1. between Fe(CNg®~ and Gold Electrode through DNA and

3 M-DNA Monolayers?

E sample Ko, (cm/s)

g 5. Au (254 0.1)x 10

5 ds-DNA/Au (4.6 0.2) x 1077

< M-DNA/Au (5.0 +£0.3)x 10°¢

aDeviations shown represent repeated measurements with three
0 ' ‘ ‘ ‘ ' different monolayer samples.
0 0.5 1 15 2 25 3
d/a approaches to heterogeneous kinetic measurements. Apparent

Figure 3. SECM approach curves obtained on a ds-DNA-modified rate constants of ET through the DNA monolayer can thus be
gold electrode in a solution containing 1 mMfe(CN)}, 50 mM obtained by fitting the approach curves to theory. Figure 4 shows

NaClG,, and 20 mM Tris-CIQ (pH 8.5). The tip was a 12 pm-radius the rate constantk, vs substrate potential. The standard ET

Au disk. The tip potential we 0 V vs Hg/ HgSQs. The substrate  rate constantke, was derived assuming the Butievolmer
potential was (1)-0.3, (2) —0.45, (3)—0.5, and (4)—0.6 V. The equation holdl;{'), g

approaching speed wagin/s. The solid lines are the SECM theoretical
curves. The dashed line is the theoretical curve for pure negative
feedback. k= K’ exp[-oF(Eg — E*)/RT] (1)

the SECM operatiof; and the apparent rate constant of ET wherea is the transfer coefficien€® is the formal potential
through the DNA monolayer can be extracted by fitting of the redox prober is Faraday’s constarR is the gas constant,
experimental tip current) versus distancedf curves (called  andT is the temperature. The value kffobtained from Figure
“approach curves”) to the theory. Approach curves can also be 4 ysing eq 1 is listed in Table 1, along with the valuefor

obtained by reducing the mediator, for example, Fe(©Nat ET at a bare gold electrode measured following the same

the tip and oxidizing the tip-generated species, Fe¢EN\at procedure.

the DNA substrate. The SECM feedback at a M-DNA-modified gold electrode
Figure 2 shows the cyclic voltammograms of Fe(gNat a is shown in Figure 5. The M-DNA monolayer was prepared by

DNA-modified gold electrode. The lack of a redox signal at exposing the ds-DNA monolayer to a solution of 0.3 mM
the modified electrode indicates that the gold electrode surfacezn(CIlOy), in 20 mM tris-CIQ, buffer (pH 8.6) for 2 h. For
was covered by the ds-DNA monolayer with few defects. As comparison, the SECM feedback at bare and native ds-DNA-
reported previously!8penetration of the DNA monolayer by  modified electrodes is also shown in Figure 5. The SECM
Fe(CN)*" has a low probability because of the electrostatic feedback at the M-DNA-modified electrode (curve 2) is much
repulsion between the negatively charged phosphates on thenigher than at the native ds-DNA-modified electrode (curve 1).
DNA chains and the solution anions. In previous studies, M-DNA was shown to convert readily back
Figure 3 shows the SECM approach curves obtained on ato B-DNA upon addition of EDTA, which chelates Zn® After
ds-DNA-modified gold electrode using tip-generated Fe@€N)  the M-DNA-modified electrode was dipped into 20 mM tris-
as the redox probe. When the overpotential of the substrate wasCIO, buffer (pH 8.6) containing 1 mM EDTA for 10 min, the
small (e.g.Es= —0.3 V vs Hg/HgSQy), the SECM feedback = SECM feedback decreased and the approach curve was almost
was so weak that the approach curve obtained at this potentialidentical to curve 1 (not shown in Figure 5). This result is in
was close to the theoretical curve for pure negative feedbackagreement with those obtained from voltammetric, chrono-
over an insulator (the dashed line in Figure 3). A measurable coulometric, and AC impedance measuremé&htsThe voltam-
feedback was observed as the substrate overpotential becameetric measurements for the [Fe(GN)4~ probe at a M-DNA
more negative, indicating that the rate of the regeneration of monolayer exhibited a significantly increased signal as compared
Fe(CN)}*~ at the ds-DNA-modified gold was faster at a higher to that of a ds-DNA monolayer. Upon adding EDTA to buffer
substrate overpotential. The ability of using SECM with large containing M-DNA monolayer, the signal decreased signifi-
overpotentials is an important advantage over voltammetric cantly!? Following the same procedure used for measukig
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0 ‘ ‘ ‘ ‘ Figure 6. Cyclic voltammograms for 1 mM Ke(CN) in 20 mM
0 1 2 3 4 Tris-ClO#/50 mM NacClQ (pH 8.5) at a bare (solid line) and a ds-
DNA-modified gold electrode (dashed line). The potential scan rate
d/a was 100 mV/s.

Figure 5. SECM approach curves obtained on a ds-DNA-modified
gold electrode (1), a ds-DNA-modified gold electrode soaked in
0.3 mM ZnCIQ for 2.5 h (2), and a bare gold electrode (3). The solution
contained 1 mM KFe(CN}), 50 mM NaClQ, and 20 mM Tris-CIQ
(pH 8.5). The tip was a 12.Bm-radius Au disk. The tip and substrate
potential were 0 and-0.65 V vs Hg/HgSQ@ respectively. The
approaching speed wag:fn/s. The solid lines are the SECM theoretical
curves.

1.5 4

normalized current

for ET at the ds-DNA-modified electrode, the valuelksffor

ET at the M-DNA-modified electrode was obtained and is listed
in Table 1, indicating that the ET rate at an M-DNA monolayer
is about 1 order of magnitude higher than at a B-DNA
monolayer. dia

: ; Figure 7. SECM approach curves obtained on a ds-DNA-modified
The Increasgd signal found at the M-DNA monolayer was gogfd electrode beforpep(l) and after (2) the DNA monolayer was treated
ascribed to an increased ET rate from the redox probe throughyth zn2+, The electrode was then soaked in a Tris-buffer (pH 8.5)
the DNA helix to the electrode surfa¢é®Enhanced electron  containing 1 mM EDTA for 20 min to remove the DNA-boundZn
transport in M-DNA was also observed in recent fluorescent (3). The solution contained 1 mM3Ke(CN}, 50 mM NaClQ, and
studies, which demonstrate effective quenching in a M-DNA 20 mM Tris-CIQ, (pH 8.5). The tip was a 12 sm-radius Pt disk. The
duplex of a fluorescein donor by a rhodamine acceptor over 20 Potentials of tip and substrate were.45 and 0.1 V' vs Hg/HgSO

. . . : respectively. The approaching speed wasni/s. The solid lines are
base pairé With B-DNA under the same conditions, quenching the SECM theoretical curves. The rate constakiz¢rresponding to

did not take place. Direct measurements of the conductive these curves are (1) 0.00020, (2) 0.0015, and (3) 0.00064 cm/s.
properties of M-DNA stretched between gold electrodes show

it to have “metallic” conductive properties, whereas under these E;ABLE 2:_Standard %ate %Onfta“tsdfthElemLO“ Transfgr
conditions B-DNA was said to be a semiconductor with a wide Me-tlgvl\elanFoergc():lgeersin Gold Electrode through DNA an
band gag? The metal ions in the M-DNA could be involved

0 0.5 1 15 2 25 3

in a stacking interaction of the base pairs and promote ET sample ke, (cm/s)
through DNA duplexes. However, a detailed mechanism for ds-DNA/Au (5.2+£0.3)x 1077
facilitated electron transport in M-DNA is still not clear. M-DNA/Au (3940.2)x 10°
Electron Transfer at DNA Monolayers with Tip-Gener- @ Deviations shown represent repeated measurements with three

ated Fe(CN)*~. The above measurements were made with tip- different monolayer samples.

generated Fe(Cl)~ and probed electron transfer at the DNA- 56 given in Table 2. The small difference between curves 1
covered substrate. A similar approach can probe hole transfery,q 3 might be caused by incomplete removal FZor, more

(oxidation) at the substrate by generating Fe(@Ngt the tip.  |ikely, some damage to the monolayer during the acquisition
Figure 6 shows the cyclic voltammogram of a DNA-modified ¢ the approach curves 1 and 2.
gold electrode in 20 mM Tris-Cl@buffer (pH 8.5) containing Electron Transfer at DNA Monolayers with Other Media-

1 mM KsFe(CN) and 50 mM NaClQ The solid line represents  tors. Although the SECM measurements appear to support the
the CV curve obtained on a bare gold electrode in the same previous finding that electron transport via the M-DNA film is
solution. The SECM feedback at the DNA-modified gold much faster than that by the native DNA fiffhanother ET
electrode is shown in Figure 7 (curve 1). The B-DNA was then pathway which can result in the enhancement of electron
converted into M-DNA by exposing the ds-DNA monolayer to  transport at the M-DNA-modified electrode has to be taken into
a solution of 0.3 mM Zn(CIG), in 20 mM tris-CIQ, buffer (pH account. The binding of metal cations to DNA reduces the
8.5) for 2 h. Curve 2 in Figure 7 is the SECM approach curve negative charge of polyanionic phosphate backbones of DNA
obtained on the M-DNA monolayer. After curve 2 was recorded, and hence reduces the electrostatic repulsion between the
the M-DNA was converted back into B-DNA by dipping it in  negatively charged phosphate backbone and the redox probe.
the 20 mM tris-CIQ buffer (pH 8.5) containing 1 mM EDTA  The charge compensation of DNA backbones could facilitate
for 20 min. The approach curve was recorded again, as shownapproach of Fe(CNj~ to the underlying electrode surface and

in Figure 7 (curve 3). Rate constants obtained by this procedureenhance the rate of electrode reaction of the redox mediator.
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Figure 8. Cyclic voltammograms for 1 mM Co(bpy@l, in 5 mM d/a

Tris-HCI/50 mM NaCl (pH 7.1) at a bare (solid line) and a ds-DNA-  Figure 10. The SECM approach curve obtained on a ds-DNA-modified
modified gold electrode (dashed line). The potential scan rate was gold electrode in a solution containing 1 mM NaFe(lI)EDTA, 50 mM

100 mV/s. NaCl, and 20 mM Tris-HCI (pH 8.5). The tip was a 12.5-mm-radius
Au disk. The tip and substrate potentials wefr@®.7 and 0.1 V vs
40 1 S A Hg/Hg:SO, (saturated with KSQy), respectively. The approaching speed
/ \..._,_7 was 1um/s. The solid line is the SECM theoretical curve.
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Figure 9. Cyclic voltammograms for 1 mM NaFe(lI)EDTA in
20 mM Tris-HCI/50 mM NaCl (pH 8.5) at a bare (a) and a ds-DNA- 220 RS
modified gold electrode (b). The potential scan rate was 100 mV/s. b3
-30 T T T ‘
To test the effect of mediator charge on the blocking by DNA, 0.2 0 -0.2 -0.4 -0.6 -0.8
similar experiments were carried out with neutral or positively E, Vvs. Hg/HgSO4

c:\argedDr'szlat%r.?. l(;lgulrg SISQOV\QS thedcyctilc VOItell(rjanoqfrar(;]s Figure 11. Cyclic voltammograms of 1 mM Ke(CN) in 20 mM
atads- -modined gold electrode and a bare gold electrode s cjo,/50 mM NaCIQ, (pH 7) at a ds-DNA-modified gold electrode

with the positively charged mediator Co(bg}) (bpy = with the solution containing no @a(solid line) and 1 mM C#% (dashed
2,2-bipyridyl) in solution which shows essentially no blocking line, curve 1). After recording the CV curves in the solution containing
by the DNA film. Other mediators such as ferrocenemethanol, C&"*, the DNA-modified electrode was dipped in the 20 mM tris-€IO

ferrocenecarboxaldehyde, acetylferrocene, and Ry)g&Hdis- bUfffr (pH 7) containing 2 mM EDTA for 20 min and measured in the
play similar voltammetric behavior, while Co(phgh) g:g\é -r;r\e/«/as solution (dotted line). The potential scan rate was

(phen= 1,10-phenanthroline) penetrates although its voltam-
mogram is somewhat perturbed from the bare-electrode one,
perhaps because it can intercalate between DNA bases (results large role in the electrochemical behavior of mediator species
in Supporting Information). These results indicate that the redox and that differences in depth of penetration of the species in
reactions of these mediators at the DNA-modified electrode the monolayer, rather than electron transport through the DNA
proceed virtually unimpeded, suggesting that these mediatorsmonolayer, could dominate the observed response. If this is the
can effectively penetrate the DNA monolayer. case, at least some of the effect of metal cations on the observed
Since uncharged and cationic mediators are not blocked by response can be attributed to their interaction with the phosphate
the DNA monolayer, we thought it of interest to test another groups on the backbone, decreasing the negative charge repelling
anionic mediator. Figure 9 shows the cyclic voltammograms at the mediator.
a ds-DNA-modified gold electrode and a bare gold electrode  There have been previous studies which indicated that the
with the negatively charged mediator, Fe(Ill)EDTAThe ET redox signal of Fe(CNJ~4~ on a DNA-modified electrode was
reaction of this mediator was significantly blocked by the DNA significantly enhanced upon adding metal ions (e.g2Mg&™,
monolayer on gold surface, but was not blocked as effectively and B&") or cationic intercalators, and the enhanced signal was
as Fe(CNg®*~ (compare Figures 2b and 9b). Presumably, the ascribed to the charge compensation by the binding of the metal
electrostatic repulsion between the negatively charged phosphatéons or cationic intercalators to DN&.22We carried out similar
backbone and the mediator is larger for the8 species experiments with C& and Mg as the binding metal ions. As
Fe(CN)®~ than for the—1 species Fe(Il)EDTA . Note that shown in Figure 11, the voltammetric signal of Fe(gN}-
ion pairing in solution, especially with Fe(CN), also occurs on the ds-DNA-modified electrode was significantly increased
and will change the effective charge of the anions. Figure 10 upon adding 1 mM CH to the solution (dashed line). The
shows the SECM approach curve obtained on a ds-DNA- electrode was then dipped in the 20 mM tris-Glauffer (pH
modified gold electrode with Fe(Il)EDTA as the tip-generated  7) containing 2 mM EDTA for 20 min to remove €abound
mediator species. After the DNA monolayer was treated with to DNA. When the electrode was measured again in the solution
Zn?* to form M-DNA, there was no change in the SECM containing no C&', the redox response of Fe(Cf)4~ was
feedback. These results suggest that electrostatic repulsion playsestored (dotted line). Since &ais not complexed by the DNA



5198 J. Phys. Chem. B, Vol. 109, No. 11, 2005 Liu et al.

10 phosphates on DNA and mediator penetration play a large role
in the electrochemical response. The enhancement of the current
with addition of Zr#* occurred only with Fe(CN§~ and was

5 B also found with C&" and Mg ", which do not coordinate with
L the DNA bases, suggesting that partial charge neutralization and
‘:": , g o facilitated penetration, rather than enhanced rate of electron-
- _,_/:_:_"/'///1 transfer across the self-assembled monolayer of DNA, were
01 ,;:‘_;—E:-—?'_,j‘:’_’g-———-——‘# taking place. Although we cannot rule out some contribution
e from base stack-mediated ET to the increased ET rate at M-DNA
monolayers, there are other problems with this route. If the
5 i transport occurs mainly by hopping of holes in oxidized bases
0 0.2 0.4 0.6 or of electrons in reduced bases, the mediators used here and
E, V vs. HgHg,SO, in most other studies do not have sufficiently large potentials

Figure 12. Cyclic voltammograms of 1 mM Ee(CN) in 20 mM to cause suc;h oxidations and reductions of the bases. Moreover,
Tris-ClO; (pH 8.5) containing (1) 0.05, (2) 0.2, and)(8 M NaClQ, the radical ions of the DNA bases are very unstable, so that

at a ds-DNA-modified gold electrode. The potential scan rate was hopping transport would have to compete with the decomposi-
100 mV/s. tion of the radical ions. Thus, we suggest that the increased
permeability of the redox probe in the M-DNA monolayers was

12 the major contribution.
- 2 XXX SOOOCOC000C0.
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Figure 13. SECM approach curves obtained on a ds-DNA-modified

gold electrode in 20 mM Tris-buffer (pH 8.5) containing 1 mM

KsFe(CN). The buffer contained (1) 50 mM and)(2 M NaClQ. References and Notes
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