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Abstract: A highly selective and sensitive electrochemical biosensor has been developed that detects
DNA hybridization by employing the electrocatalytic activity of ferrocene (Fc) bearing cyclen complexes
(cyclen = 1,4,7,10-tetraazacyclododecane, Fc[Zn(cyclen)H,0],(ClO4)s (R1), Fc(cyclen), (R2),
Fc[Zn(cyclen)H,0](ClO,4), (R3), and Fc(cyclen) (R4)). A sandwich-type approach, which involves
hybridization of a target probe hybridized with the preimmobilized thiolated capture probe attached to
a gold electrode, is employed to fabricate a DNA duplex layer. Electrochemical signals are generated
by voltammetric interrogation of a Fc bearing Zn—cyclen complexes that selectively and quantitatively
binds to the duplex layers through strong chelation between the cyclen complexes and particular
nucleobases within the DNA sequence. Chelate formation between R1 or R3 and thymine bases leads
to the perturbation of base-pair (A—T) stacking in the duplex structure, which greatly diminishes the
yield of DNA-mediated charge transport and displays a marked selectivity to the presence of the target
DNA sequence. Coupling the redox chemistry of the surface-bound Fc bearing Zn—cyclen complex
and dimethylamine provides an electrocatalytic pathway that increases sensitivity of the assay and
allows the 100 fM target DNA sequence to be detected. Excellent selectivity against even single-base

sequence mismatches is achieved, and the DNA sensor is stable and reusable.

Introduction

The development of sensitive DNA biosensors is of critical
importance in many aspects of biomedical research, including
disease diagnosis, drug development, gene mapping, and DNA
sequencing.t Such biosensors commonly rely on hybridization
with DNA sequences providing a readout in the form of
fluorescence, chemiluminescence,® surface plasmon resonance,*
quartz crystal microbalance,® or electrochemical® signals. Of
these detection formats, electrochemical methods offer elegant
ways for interfacing biorecognition and transduction events and
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represent a substantial driver to achieve selective and sensitive
detection of DNA hybridization.” Moreover, electrochemical
DNA biosensors are compatible with current miniaturization
technologies employed to produce, for example, microchip-
based DNA bioassays.®

In atypica electrochemical DNA biosensor scheme, hybrid-
ization of a DNA probe on a solid-phase support exploits the
interactions between a target single-stranded (ss)-DNA and an
immobilized complementary ss-DNA recognition element,
which is often labeled with a redox molecule to produce an
electrochemical signal.®® Therefore, transduction of the DNA
recognition element is of considerable interest to achieve
sensitive electrochemical DNA detection.™® Much attention has
been focused on sensitivity enhancement based on biobarcode,”
hydrazine label,*® functionalized liposome,** arrays of gold,*
metal/semiconductor nanoparticle label,*® redox-active reporter
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molecule and enzyme label,** redox marker-, gold-, and enzyme-
loaded microsphere,™® aptamer,*® and enzyme—carbon nanotube
architectures.>” While these methods generally have very low
detection limits (even lower than 1.0 fM), their practical
application is restricted due to the complicated detection
procedures (e.g., multiple redox cycling) or conjugation chem-
istries (e.g., labeling of enzymes and nanoparticles, etc.). Thus,
it is still a major challenge to develop new technologies with
improved simplicity, selectivity, and sensitivity of DNA hy-
bridization detection that do not require complicated fabrication,
instrumentation, and additional reagents.

Barton and co-workers'®*° have devel oped an eectrochemical
method that can detect single-base mismatches without requiring
complicated fabrication and stringent washings. The method
combines redox active intercalators to achieve charge transport
through the base-pair stacking of DNA duplexes. Duplex-
modified electrodes exhibit high affinities for DNA-binding
substrates and promote efficient electron transfer between the
electrodes and duplex-bound intercalators. Any perturbation of
the base-pair stacking (e.g., mismatched base pairing) greatly
decreases the efficiency of charge transfer through the duplex
with a concomitant diminution in electrochemical current and
hence enables mismatches to be detected.*®° This concept of
using charge transport has been extended by Gooding and co-
workers for electrochemical monitoring of DNA—drug interac-
tion based on a reduction in DNA-mediated charge transport
upon drug binding and thereby shutting off the electrochemical
signal.2° In this study, we exploit a new strategy for monitoring
electrochemical DNA hybridization based on the charge trans-
port through the ferrocene (Fc) bearing Zn(I1)—cyclen complex-
bonded duplex DNA layers.
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Cyclen complexes bearing a ferrocene (Fc) moiety
(Fe[Zn(cyclen)H,0]5(Cl0,),s (R1)?* and Fc[Zn(cyclen)H,0]-
(ClO,); (R3),? cyclen = 1,4,7,10-tetraazacyclododecane) can
bind to the DNA sequence at specific positions. In particular,
Zn(I1)—cyclen has been shown to selectively bind strongly to
an imide-containing nucleobase, deoxythymidine (dT), in aque-
oussol ution(dissociaionconstant, Kq=[freedT][freeZn(Il)—cyclen]/
[dT~—Zn(I)—cyclen] = 8 x 107 M at pH 7.4%%). The binding
between the Zn(I1)—cyclen and dT-rich region dissociatesA—T
hydrogen bonds and changes the local conformation in the
double-stranded (ds)-DNA. %~ In addition, through the incor-
poration of redox active ferrocenyl units, these molecules can
be used as |abels for direct electrochemical recognition of DNA
sequence to produce a highly biocompatible electrochemical
DNA biosensor. An electrochemical DNA sensor employing a
Fc bearing naphthalene derivative has been developed,®? in
which the voltammetric signal achieved is due to the redox
reaction of the Fc moiety bound to the surface-attached ds-DNA.
Previousy, we*?? and others®®® have illustrated that the
Zn(I1)—cyclen and bis(Zn(l1)—cyclen) complexes offer remark-
able selectivity in the recognition of the thymidine neucleotide
and thymidilyl(3—5)thymidine (TpT) under physiologica condi-
tions. More recently, we have synthesized and characterized a
TpT receptor that contains two Zn(ll)—cyclen complexes
bridged by a ferrocenyl moiety (R1).2 The distance between
the two cyclopentadienyl rings in ferrocene (3.3 A) is amost
equivalent to that separating two stacked pairs in DNA
sequences. Consequently, R1 forms a stable adduct (apparent
binding constant, Kap = 0.89 + 0.10 x 10° M%) with TpT,
and its complexation with the TpT groups could be monitored
electrochemically.??

It iswell-known that electrocatal ytic schemes can be used to
enhance the current derived from electroactive species.’® In an
electrocatalytic scheme, an excess of substrate that acts as
reducing or oxidizing agentsis required to regenerate a starting
electroactive species.?* This approach has been developed for
the electrocatalytic detection of DNA hybridization based on
labeling of the surface-attached duplex DNA with Fc-labels,
where the electrocatalysis relies on the electrochemical signal
originating from the electron transfer between the substrate in
solution and the electrode mediated by the redox centers on
the duplex DNA.? To enhance the charge transduction through
duplex DNA, Barton and co-workers coupled the DNA-mediated
charge transport to an electrocatalytic reaction by adding the
freely diffusing ferricyanide to the electrolyte solution.*®

Here, we report the electrochemical detection of DNA
hybridization using the Fc bearing cyclen complex covalently
bound to DNA duplex layers on a gold electrode. The binding
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Table 1. Oligonucleotide Sequences and Modifications

name

sequence

capture probe 1 (CP1)
capture probe 2 (CP2)
capture probe 3 (CP3)
capture probe 4 (CP4)
capture probe 5 (CP5)
target probe 1 (TP1)
noncomplementary (NC)
single-base mismatch (SM)
target probe 2 (TP2)
target probe 3 (TP3)
target probe 4 (TP4)
target probe 5 (TP5)

5-HS(CH,)s-AAAGAAGCCAGCTCAAGCAATATTAATGAAG-3
5-HS (CH,)s-CAAGCCGCCCGCGCCCGCCCGCGGCCGGLCG-3
5-HS-(CH,)s-CCCGCCGCCCGCGCCCGCCCGCGGCCGGAAG-3
5-HS (CH,)s-ACAGCCGCCCGCGCCCGCCCGCGGCCGGCCG-3
5-HS-(CH,)s-CCCGCCGCCCGCGCCCGCCCGCGGCCGGCCG-3
5-CTTCATTAATATTGCTTGAGCTGGCTTCTTT-3
5-CTTCATTAATATTGCTTGAGCGACTTAAGAT-3
5-CTTCATTAATATTGCTTGAGCTGGCTCCTTT-3
5-CGGCCGGCCGCGGGCGGGCGCGGGCGGCTTG-3

5- CTTCCGGCCGCGGGCGGGCGCGGGCGGCGGG-3
5-CGGCCGGCCGCGGGCGGGCGCGGGCGGCTGT-3

5- CGGCCGGCCGCGGGCGGGCGCGGGCGGLGGG-3

Scheme 1. Schematic Representation of the Fabrication of a DNA Sensing Layer on a Gold Electrode

ATAA &
;. TATA'AS Rn
Auelectrode AwcPnin=1-4) | Y
AN\ = Thiclated probe (CPn) m&muznwcmn

A/N\ = TargetDNA (TPn.NP.SM)

Noncomplementary electrode: AWCP1/NP/Rn
Mismatched electrode: AWCP1/SMRN

of thymine or TpT to either R1 or R3 causes perturbation of
the A—T base-pair stacking in the DNA structure, which hinders
the charge transport through the duplex layers. Experimental
parameters, such as incubation time and ionic strength of the
solutions, were optimized to obtain effective electrochemical
responses for DNA-mediated charge transport of the Fc¥*"
process. Under optimized conditions and when coupled with
an electrocatalytic cycle involving diethylamine, the response
of asurface-immobilized target associated with the duplex layers
effectively reports the presence of target DNA. The resulting
assay exhibits greatly enhanced selectivity for discrimination
between the complementary, noncomplementary, and single-
base mismatched DNA sequences and alows the sensitive
electrochemical detection of DNA.

Experimental Section

Materials. Chemicals were obtained from either Sigma or
Aldrich and used as received, unless otherwise stated. Aqueous
solutions were prepared with distilled deionized water (Milli-Q
filtering system). In voltammetric studies, nitrogen gas was passed
through the solutions for 20 min. A nitrogen atmosphere was then
maintained above the solution during measurements. The oligo-
nucl eotides were obtained from either Genemed Synthesis, Inc. (TX,
USA) or Micromon, Monash University (Vic, Aus). Table 1 lists
the DNA sequences and modified oligonucleotides used in this
work. The receptors, R1, Fc(cyclen), (R2), R3, and Fc(cyclen) (R4),
were synthesized following published procedures.®*2>2%

Fabrication of Receptor-Modified DNA Sensors. The DNA
sensors were fabricated on polycrystalline gold (Au) disk electrodes
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770.

(26) Boldrini, V.; Giovenzana, G. B.; Pagliarin, R.; Pamisano, G.; Sisti,
M. Tetrahedron Lett. 2000, 41, 6527.

(d = 1.6 mm; BAS, West Lafayette, IN) (Scheme 1). The electrode
was mechanically polished with an aumina slurry (0.05 um,
Buehler), washed with water, and electrochemically cleaned by
cycling the potential between —0.1 and 1.3V (vs Ag/AgCl) 0.1 M
H,SO, until a stable voltammogram was obtained. The clean
electrode was then modified with a thiolated capture probe and a
diluent layer (1.0 mM ethanolic 11-mercapto-undecanol (MCU))
by immersing the clean gold electrodes in 4.0 uM solutions of
capture probe (CP1, CP2, CP3, or CP4) in 100 mM phosphate
buffer (1.0 M NaCl, 1.0 mM MgCl,, pH 7.4) for 12 h at room
temperature followed by immersion in a 1.0 mM MCU solution
for 2 h, and then by rinsing with the 100 mM trissHCI buffer
solution twice (approximately for 5 s) to remove any physicaly
adsorbed species. Prior to the immobilization of the thiolated capture
probes, they were incubated for 2 h in 4.0 uM tris-(2-carboxyeth-
yl)phosphine hydrochloride solution to reduce the disulfide-bound
oligomer.?” Hybridization with the target (TP1, TP2, TP3, or TP4),
noncomplementary (NC), and single-base mismatched (SM) DNA
probes was performed by immersion in appropriate concentrations
of the sequence in the hybridization buffer (20 mM tris-(hydroxym-
ethyl)aminomethane hydrochloride (tris), 200 mM NaCl, and 0.5%
Tween 20 (pH 7.4)) for 4 h (hereafter referred to as Au/CPL/TP1-,
AU/CP2/TP2-, AU/CP3/TP3-, Au/CP4/TP4-, AU/CPL/NC-, and Au/
CP1L/SM-modified electrodes).

The duplex-modified sensing layers were immersed in a buffer
(100 mM tris-HCI buffer, pH 7.4) solution containing a particular
concentration of the receptor for a designated time to obtain
receptor-functionalized modified electrodes. The electrodes were
rinsed with the 100 mM trissHCI buffer solution twice (ap-
proximately for 5 s) to remove nonspecifically adsorbed receptor
molecules and dried under nitrogen gas.

Electrochemical M easurements. Experiments employing cyclic
voltammetry (CV), Osteryoung square-wave voltammetry (OSWV),
and chronocoulometry were conducted at 21 + 1 °C in a standard
three-electrode electrochemical cell arrangement using aBAS model
100B electrochemical workstation (Bioanalytical Systems, West

(27) Xiao, Y.; La, R. Y.; Plaxco, K. W. Nat. Protoc. 2007, 2, 2875.
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Figure 1. Cyclic voltammograms obtained at a scan rate of 100 mV s™* a (a) R1- and R3-functionalized and (b) R2- and R4-functionalized electrodes
when 160 nM TP1 was hybridized to the thiolated sssDNA probe in a 100 mM tris-HCI (pH 7.4) buffer solution.

Lafayette, IN, USA). The electrochemical cell consisted of the DNA
sensor working electrode, a platinum wire counter electrode, and a
Ag/AgCl (3.0 M NaCl) reference electrode. The background
electrolyte was 100 mM trissHCI (pH 7.4) buffer solution. The
electrocatalytic currents at duplex sensing layers were measured
by cyclic voltammetry in background electrolyte containing 2.5 mM
diethylamine.

Surface Density of DNA. The surface density of DNA sequences
(1.86 x 10 molecules cm~2) was determined by the chronocou-
lometric method as described by Tarlov et a.?® and Gooding et
al.?°¢ The chronocoulometric plots (charge vs square root of time,
see Figure S1 in Supporting Information) of the DNA recognition
surface for the 5.0 nM TP1 probe was obtained in 10 mM tris-HCI
(pH 7.4) buffer. The cationic redox active ruthenium(l11) hexaam-
mine ([Ru(NHs)g]3*) (50 uM) was then introduced into the buffer
solution and allowed to equilibrate for 1 min followed by chrono-
coulometric measurement. The surface coverage of [Ru(NHz)g]3"
was calculated as the difference in the chronocoulometric intercepts
in the absence and presence of [RUu(NH3)g]®" and converted to the
DNA surface density using the relationship T'pna = I'o(Zm), where
I'ona = surface density of the DNA, I'y = surface coverage of
[RUu(NH3)g]®", z= charge of the [Ru(NH3)g]*, and m = the number
of DNA bases?82%

Results and Discussion

Cyclic Voltammetry of the Receptor-Functionalized
Electrodes. Figures 1aand b display cyclic voltammetric features
for the detection of 160 nM TP1 sequences at the AuW/CPL/TPL/
R3 (i), AWCPUTPYRA (ii), AWCPLTPYRA (iv), and Au/CPY
TPL/R2 (v) electrodes in 100 mM tris-HCI buffer solution. At
pH 7.4, al four electrodes exhibited well-defined surface-bound
redox chemistry associated with the Fc”* process.** In contrast,
no Faradaic current response was observed under conditions of
cyclic voltammetry at the control electrode (Figure 1a (iii)),
although some was detectable when the more sensitive square-
wave voltammetric technique was employed (see below). The
oxidation peak current at al electrodes linearly increases with
the scan rate up to 1000 mV s ™. The peak-to-peak separation
(AEp) between the oxidative peak potential, E,**, and reductive
peak potential, E,*, at these electrodes is 38 = 5 mV vs Ag/
AgCl at ascan rate of 100 mV s™*. The midpoint potential (Ey,)
for the surface-bound Fc”* process, calculated from the average
of E,> and Ep"™ values found at the AWCPL/TPL/R1, Au/CPL/
TPL/R3, Au/CPYTPL/R2, and Au/CPL/TPL/R4 electrodes are
300 £ 5, 300 £+ 5, 320 £ 5, and 320 + 5 mV vs Ag/AgCl,
respectively. In comparison, E,, at a bare Au electrode is 340
+ 3mV vs Ag/AQCI. Thus, a40 + 5 mV negative shift in the

(28) Steel, A.B.; Herne, T. M.; Tarlov, M. J. Anal. Chem. 1998, 70, 4670.
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E. vaues for the surface-bound Fc”* process is observed at
the AW/CPYTPL/R1 and Au/CPL/TPL/R3 electrodes. The nega-
tive shift in E,, for the AW/CPL/TP1/R2 and Au/CP1L/TP1/R4
electrodes was 20 + 5 mV. An analogous voltammetric
characteristic was reported for TpT binding to R1.%2 These data
indicate that R1, R2, R3, and R4 have an affinity for
nucleobases and nucleotides present in the DNA duplex structure
which should alow the electrochemical detection of DNA
hybridization using the DNA-mediated charge transport of the
surface-bound Fc”" process.

Binding Mechanism and Optimization of the Binding
Conditions. As seen in Figure 1, the voltammetric behavior of
the receptor-functionalized electrodes is markedly influenced
by the binding of the receptors Rn (n = 1-4) with the
nucleobases and nucleotides in the DNA sequences. Scheme 2
shows the binding mechanism of R1 and R3 with the duplex
DNA layer. Our hypothesisisthat R1 interaction with the imide
groups of TpT (Scheme 2A) or thymine (Scheme 2B) requires
the deprotonation of Zn(ll) followed by the formation of a
Zn(I1)—imide covalent bond. It is well established that the two
carbonyls adjacent to the imide enhance complexation by
forming hydrogen bonds with the NH hydrogens, which occupy
the 4- and 10-positions of the cyclen molecule. As a conse-
quence, two three-point interactions of R1 with the DNA-duplex
structure can occur. In contrast, complex formation between R3
and the CPL/TPL duplex structure involves only one three-point
binding interaction (Scheme 2C). For R1, the two three-point
bindings on the TpT units in the TP1 sequence force the two
positively charged trans-(Zn(ll1)—cyclen) units to rearrange in
a cis configuration, in the manner previously proposed for
chelate formation between R1 and TpT.?? These binding
interactions disrupt the hydrogen bonds of A—T base pairs in
duplex DNA layers and perturb the base-pair stacking, resulting
in a reduction of the duplex-mediated charge transport.

The binding efficiency of R1 and R3to A—T regionsin the
duplex layer is largely dependent on the ionic strength of the
solution and incubation time for the binding of R1 and R3.
Experiments to optimize these parameters used the square-wave
voltammetric responses obtained when Au/CPL/TPL/Rn (n =
1—4)-modified electrodes are used in the presence of the TP1
target sequence. Figures 2a and 2b show the responses of the
AU/CPVUTPLYR1 and Au/CPL/TPL/RS electrodes obtained after
incubating the AW/CPL/TPL duplex layers with 0.25 M solution
of R1 and R3, respectively, for designated incubation times. In
both cases, as the incubation proceeded, the perturbation of the
A—T base pair stacking in the duplex structure increased with
increasing R1 and R3 attachment, resulting in suppression of
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Scheme 2. Schematic Representation of the Binding of R1 and R3 with Duplex DNA Layers

moderate binding

R3

the current. These results indicate that long-range charge
transport is inhibited by disruption of the base pair stacking in
the DNA duplex layers, in accord with the reported diminished
charge transport through a DNA duplex, upon binding of cis-
diaminedichloroplatinum(l1).2°° The incubation times required
to ensure complete attachment of the complexes, and hence
complete disruption of the duplex structure, as determined by
complete absence of oxidation at the AW/CPL/TPL/R1 and Au/
CP1/TPY/R3 electrode are 8 and 12 min, respectively. Notably,
measurable peak currents at both the AWCPL/TPLY/R1 and Au/
CPL/TPL/R3 electrodes were obtained after 1 min of incubation,
the time used for all further experiments conducted with R1-
or R3-functionalized electrodes.

The suppression of the peak currents at the R1- and
R3-functionalized electrodes contrasts with findings for the Au/
CP1/TPYR2 and Au/CPLTP1/R4 electrodes (Figures S2a and
S2b, Supporting Information) where the oxidation peak currents
increase with incubation time. The increase is due to the
interaction of R2 and R4 molecules with the duplex surfaces
via hydrogen bonding between protonated R2 or R4 molecules
and phosphate moieties of the duplex DNA structure occurring
without perturbing the base-pair stacking (Schemes S1 and S2,
Supporting Information). Note that the R2 receptor can bind to
two phosphate groups within the duplex layer, whereas R4 can
only bind to one phosphate group. For R4, a larger number of
molecules can interact with the duplex backbone, resulting in a
larger number of Fc moieties on the R4-functionaized electrode.
Thus, the Au/CPL/TPL/R4 electrode offers higher sensitivity
than that obtained for the Au/CPL/TPL/R2 electrode. The shorter
incubation time required for the AW/CPL/TPL/R4 electrode (15

min vs 20 min) to achieve maximum peak currentsis consistent
with these observations. Notably, the peak current at the 100
nM TP1-bound duplex electrode obtained after 15 min of the
incubation in R2 or R4 solution is much lower than that obtained
for a1 minincubation of the 25 nM TP1-bound duplex electrode
in R1 or R3 solutions.

The effect of concentration of R1 and R3 on the current
magnitude for a25 nM TP1 sequence modified duplex electrode
is shown in Figures 2c and 2d. The peak current decreases with
increasing concentration of R1 and R3. At sufficiently high
concentrations of R1 or R3, a plateau or minimum value of the
peak current was obtained. For a 1 min incubation time, the
lowest concentration of R1 and R3 needed to attain a measurable
peak current at the Au/CPL/TPL/R1 and Au/CPLTPLR3
electrodes was 0.25 uM. A higher oxidation peak current was
observed at the AWCPL/TPL/R3 modified el ectrode when similar
concentrations of R1 and R3 (0.25 uM) were used to fabricate
the AU/CPUTP1/R1 and Au/CPLUTPL/R3 sensing layers. This
is again due to the lower disruption of the base pairs in the
duplex layer and hence faster charge transport through the
duplex. In contrast, the peak currents for the 100 nM target
sequence increase with the concentration of R2 and R4 (Figures
S2c and S2d, Supporting Information). The maximum peak
currents at the Au/CPY/TPL/R2 and Au/CPL/TPL/R4 electrodes
were attained after incubating the Au/CPL/TPL duplex electrode
in25uM R2 and 2.5 uM R4 for 20 and 15 min, respectively.
From the above results, the concentrations of R1, R3, R2, and
R4 chosen for the determination of the target DNA on the
duplex electrode were 0.25, 0.25, 2.5, and 2.5 uM, respectively.
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Figure 2. Dependence of the square-wave oxidation peak current density (j/«A cm~2) on the incubation time (a, b) and concentration of R1 and R3 (c, d)
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Figure 3. Square-wave voltmmograms obtained at (8) R1- and R3-functionalized electrodes before (ii, iv) and after (i, ii) hybridization with a 50 nM solution of
the TP1 sequence. (b) R3-functionalized electrodes after hybridization with a 50 nM solution of the TP1 sequence (i) and either a 50 nM solution of single-base
mismatched sequence (i) or a 1.0 uM solution of noncomplementary (iii) sequence. Other experimental conditions are as in the caption to Figure 2.

Detection of Sequence-Selective Hybridization. Under opti-
mized conditions, DNA-mediated charge transport can be used
to detect the hybridization of the target DNA probe with the
capture probe. Figure 3a illustrates the square-wave voltam-
metric responses at the AWCPL/TPLYR1 and AuW/CPL/TPLR3
electrodes before (ii and iv) and after (i and iii) hybridization
with the 50 nM target TP1 sequence. As shown in curvesi and
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iii, the characteristic enhancement in current responses for the
electrode after hybridization arises from favorable long-range
charge transport through the duplex layer.**° The thymines
and TpT groups are located in the middle and proxima end
with respect to the —SH group in the CP1 sequence. The
attachment of R1 and R3 molecules at these positions results
in long-range charge transport between the redox centers and
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the electrode. The small current response detected with the
highly sensitive square-wave method at the capture probe
modified control Au/CP1/R1 and Au/CP1/R3 electrodes (curves
ii and iv) aso indicated alow level of charge transport between
the redox center on sssDNA and the electrode. As mentioned
above, the CP1 sequence has thymines and TpT groups located
in the middle and proximal end. The R1 and R3 configurations
with the thymine bases located at the middle of the CP1
sequence could allow this low level of charge transport. It is
also noted that the square-wave voltammetric peak currents
obtained after 1 min incubation time at the Au/CPL/TPL/R1
electrode are much smaller than those obtained at the Au/CP1/
TP1/R3 electrode. This also can be explained by taking into
account the smaller binding constant for the R3 molecules with
the thymines and TpT groups in the duplex structure. It has
previously been shown that the binding constant for R3 is 300
times smaller than that for R1,%% implying that R3 is less
effective for disrupting the base-pair stacking after 1 min of
the incubation. Consequently, the Au/CPL/TPL/R3 electrode
allows better charge transfer through the duplex layer and, hence,
offers higher sensitivity for DNA detection.

Square-wave voltammograms were recorded at the Au/CP1/
TPL/R2 (Figure S3, curves a and b, Supporting Information)
and Au/CP1/TP1/R4 electrodes (curves ¢ and d) in 100 mM
trisHCI buffer under conditions given in the figure caption. The
small oxidation peak observed at both the AuW/CPL/TP1/R2 and
AU/CPYTPL/R4 electrodes in the presence of 500 nM TP1
target sequence is indicative of very weak binding of R2 and
R4 molecules to the duplex layers, as outlined in Schemes S1
and S2 (Supporting Information). While both electrodes exhibit
an oxidation peak, the relatively larger abundance of receptor
R4 molecules, arising from alarger number of active hydrogen
bonding sites available in the duplex backbone, resultsin higher
peak currents at the Au/CPL/TPL/R4 electrode relative to that
obtained at the AU/CPL/TPLY/R2 electrode. Importantly, under
the optimized experimental conditions, the peak currents
obtained for a 50 nM solution of TP1 at the Au/CPL/TPL/R1
or Au/CPUTPL/R3 electrodes are much higher than those
obtained at the Au/CPL/TPL/R2 and AuW/CPL/TP1/R4 electrodes
for a500 nM concentration of TP1.

Concentration Dependence. The voltammetry at ferrocene
bearing receptor-functionalized duplex sensing layers provides
guantitative information related to the presence of the target
DNA inthe sensing layers. To test the sensitivity of the methods
described in Scheme 1, detection of target sssDNA (TP1) has
been examined at concentrations ranging from 100 pM to 10
uM. The AuU/CP1 electrodes were hybridized with different
concentrations of the TP1 sequence followed by immobilization
of 0.25 uM solutions of either R1 or R3. The square-wave
voltammograms obtained in 100 mM tris-HCI buffer (pH 7.4)
with different concentrations of TP1 at the AW/CPL/TPL/R1 and
AU/CPLUTPL/R3 electrodes are shown in Figures S4 and S5
(Supporting Information), respectively. For both electrodes, the
peak current increased with concentration of the target sequence.
This peak current enhancement is attributed to the increase in
the association of the TP1 sequence, via the hybridization to
the preimmobilized capture probe (CP1), which is responsible
for an increase in the amount of R1 or R3 molecules in the
duplex layer, and increases as the concentration of the target
ss-DNA sequence (TP1) is increased. As detailed in Figures
4 and S5 (Supporting Information), target concentrations as
low as 100 pM could be detected at both the AW/CPL/TPY/R1
and Au/CPL/TP1/R3 electrodes. When the target concentration

was less than 100 pM, the signal was indistinguishable from
the background and was comparable to the signal intensity of
the control Au/CPL/R1 or Au/CPL/R3 electrodes (see curvesii
and iv in Figure 3a). The effect of the binding of R1 or R3 to
the Au/CPL/TPL electrode on the current signal was reproduc-
ible, with arelative standard deviation (RSD) of 4.5—6.3% for
four independently prepared electrodes.

Detection of Noncomplementary and Mismatched
Sequences. To evaluate the discrimination of a noncomplemen-
tary DNA sequence, a duplex layer was fabricated using the
large excess of the noncomplementary target sequence (NC,
Table 1). The NC sequence was hybridized with the preimmo-
bilized CP1 sequence onto the Au surfaces. After performing
the hybridization step, the duplex layer was immersed in 100
mM tris-HCI containing 0.25 uM R3 receptors for 1 min. Figure
3b (curve iii) shows the square-wave voltammetric responses
for the 1.0 uM noncomplementary DNA sequence at the Au/
CP1/NC/R3 electrode. Clearly, the small current response
obtained at the AUW/CPL/NC/R3 electrode is similar to that
obtained at the control AuW/CPL/R3 electrode (curveiv in Figure
3a), indicating the binding of the noncomplementary DNA
sequence to the capture probe immobilized surface to form the
duplex layer, and hence, long-range charge transport through
the duplex DNA is not significant.

The detection of mismatches was also investigated using a
single-base (C—A) mismatched sequence (SM, Table 1). Figure
3b (curve ii) shows the sguare-wave voltammograms obtained
at the Au/CP1/SM/R3 modified electrodes in the presence of
50 nM SM sequence. These data clearly illustrate the usefulness
of R3 as a signaling compound to differentiate between a
perfectly matched (curve i) and a single-base mismatched
sequence (curve ii). Compared to the complementary target
sequence (TP1), an approximate decrease in current of 30% was
observed for the SM sequence at the Au/CP1/SM/RS3 electrode.
We anticipated that the C—A mismatch in the SM sequence
caused additional perturbation of the base-pair stacking, which
decreased the long-range charge transport through the duplex
layer, resulting in a decrease in current. The ability of R3 to
detect mismatches is consistent with the previous studies of
DNA-mediated long-range charge transfer approaches for
mismatch detection.*®*°

Control Experiments. To gain a better understanding of the
impact of the interaction of receptor R1 and R3 with the thymine
(or TpT group) and phosphate moiety within the target sequence
and, hence, the influence of these binding interactions on the
Fc oxidation process at the receptor-functionalized duplex
electrodes, a series of control experiments were conducted
employing different target sequences with and without thymine
bases (Table 1). In these DNA sequences, the A and T basesin
the TP1 sequence were replaced with the C and G bases,
respectively. Initialy, acontrol experiment was conducted with
the DNA sequences that was modified with the TpT group
located at the proximal (hereafter referred to as TP2) and distal
(hereafter referred to as TP3) end (with respect to the 3"-end)
of the sequence. These two sequences, and their complementary
capture sequences, were employed to fabricate the DNA duplex
layers on the Au electrode. Chronocoulometric responses
showed that the amount of ds-DNA immobilized on the
electrode surface was identical in both cases. For the Au/CP2/
TP2/R3 and Au/CP3/TP3/R3 electrodes, the analysis of 50 nM
solutions of both the TP2 and TP3 sequences showed a lower
response for the oxidation of surface-bound Fc (curvesi and ii
in Figure 4a), attributed to the lower abundance of the R3
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Figure 4. Square-wave voltammograms obtained at the R1- and R3-functionalized electrodes after hybridization to 50 nM solution of TP2 (i, iii in &), TP3
(i, iv in @), TP4 (b), and TP5 (c) in 100 mM tris-HCI buffer solution. Other experimental conditions are as in the caption to Figure 2.

molecules on the duplex layers arising from a reduction in the
TpT binding present in the TP2 and TP3 sequences. Since the
binding between the TpT group and R3 molecules could disrupt
the A—T bonds at the proximal and distal end of the sensing
layer in asimilar fashion, one could expect an equal perturbation
of the base-pair stacking for both the cases and hence equal
voltammetric responses for both the AW/CP2/TP2/R3 and Au/
CP3/TP3/R3 electrodes. However, when the TpT group is
located at the distal end of the duplex DNA structure, areduction
in the oxidation currents of only 30% was observed at the Au/
CP3/TP3/R3 electrode (curve ii). These data clearly indicate
that the DNA-mediated charge transport is much easier for the
ds-DNA structure with the TpT groups located at the proximal
end of the layer. A similar conclusion can be made for the data
at the AU/CP2/TP2/R1 and Au/CP3/TP3/R1 electrodes (curves
iii and iv in Figure 44).

Thetarget DNA sequence and corresponding complementary
capture probe also were customized by replacing the A and T
bases in the TP1 sequence with the C and G bases, except for
the two thymine bases at the proximal end of the TP1 sequence
(with respect to the 3’-end) (see TP4 and CP4, Table 1). Under
the experimental conditions relevant to Figure 4a, the Au/CP4/
TP4/R3 (i) electrode provides a higher current than the Au/
CP4/TP4/R1 (ii) electrode in the presence of 50 nM TP4. In
CP4/TP4 duplex electrodes, R1 is proposed to bind as outlined
in Scheme 2B and R3 as in Scheme 2C. Since the binding
constants for both are similar,?® analogous attachment of Fc-
bearing complexes and, hence, perturbation of the base-pair
stacking for both the binding modes is expected, which should
lead to similar electrochemica responses. However, the R1
receptor binds to two thymines in the proximal end of the CP4/
TP4 duplex, whereas R3 binds to only one thymine unit.
Consequently, a higher number of R3 molecules will attach on
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the duplex layer, which may account for the higher current
detected at the Au/CP4/TP4/R3 electrode.

In another control experiment, the effect of the binding of
R1 and R3 to the DNA sequence was examined without
thymines or TpT groups in the complementary target and its
capture probe (TP5 and CP5, Table 1). The Au/CP5/TP5/R1
and Au/CP5/TP5/R3 electrodes were fabricated employing the
optimized binding conditions. Negligible square-wave voltam-
metric responses for oxidation of surface-bound Fc were
observed for a 50 nM solution of TP5 at the Au/CP5/TP5/R3
and Au/CP5/TP5/R1 electrodes (curves i and ii in Figure 4c).
These data imply that the association of R1 and R3 molecules
on the CP5/TP5 duplex layer via the hydrogen bonding is not
significant, under the experimental conditions employed.

Catalytic Enhancement of the Voltammetric Signal. Scheme
3 outlines the sensing protocol used to achieve signal amplifica-
tion by electrocatalytic oxidation of diethylamine by the surface-
bound Fc electrocatalyst. R1- or R3-functionalized duplex layers
containing different concentrations of target sequence were
fabricated following the method described in the Experimental
Section. Modification of DNA duplex electrodes with R1 or
R3 was achieved by incubation for 1 min in trissHCl buffer
solution containing 0.25 uM R1 or R3 receptors. Electrocatalytic
experiments were undertaken by immersing the R1- or R3-
functionalized duplex electrodes in a 100 mM tris-HCI buffer
(pH 7.4) solution containing 2.5 mM diethylamine. It should
be noted that under these solution conditions diethylamine is
protonated (for simplicity, however, protonated diethylamine
isreferred to as DEA). Figure 5a shows the effect of the catalytic
cycle on the cyclic voltammetric current response of DNA
hybridization on the CPL/TPL/R3 sensing layer. Theirreversible
oxidation peak at 440 mV seen in Figure 5a (curve iii) results
from the electrocatal ytic oxidation of DEA by the surface-bound
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Scheme 3. Schematic Representation of the Electrocatalytic
Oxidation of Diethylamine by the Fc Bearing Cyclen Complex at a
DNA-Modified Gold Electrode®

DEA*

DEA

Fc Fc*

-
1n practice DEA™ is unstable in agueous solutions.
Fc”* process. Importantly, the magnitude of the catalytic peak
current indirectly reflects the concentration of TP1 (50 nM)
anchored to the duplex sensing layer. The catalytic response
obtained at the Au/CPL/R3 electrode with no target sequence
present (curve i) was also examined. It is evident that electro-
catalysis on the AU/CPL/R3 electrode results in a response
similar to that obtained at the AU/CPL/R3 electrode, with no
catalytic step (curve iii in Figure 18). This is attributed to
unfavorable charge transport through the CPL/R3 layer as described
above. A smilar cataytic feature for the detection of DNA

hybridization, but with lower sensitivity, was attained at the Au/
CPLUTP1/R1 €eectrode (not shown).

The addition of diethylamine to the electrolyte produces
dramatic changes in the cyclic voltammograms of R3, with an
obvious increase in oxidation peak currents and a concomitant
decrease in reduction peak currents. This catalytic mechanism
has been described previously by Nicholson and Shain® for
the general case in which the electrode process consists of a
reversible charge transfer followed by the chemical regeneration
of the reduced species (Scheme 3). The oxidation reaction is
thermodynamically favorable because the surface-bound Fc* is
capable of oxidizing solution-phase DEA. The reverse reaction,
however, does not occur because it requires the thermodynami-
caly unfavorable electron transfer from Fc to DEA™. The
absence of areduction peak for DEA* and the positive shift of
the oxidation pesk for the DEA strongly suggest that DEA
oxidation is occurring viathe proposed redox reaction involving
Fc. This electrocatalytic reaction is expected to alow DNA
hybridization detection at the femtomolar level.

The effect of DEA concentration on the electrocatalytic
current obtained by dc cyclic voltammetry at the Au/CPL/TPL/
R3 electrode was examined. The peak current was found to
increase with concentration of DEA but leveled off when the
concentration of DEA was above 2.5 mM (Figure S6a, Sup-

porting Information). Thus, 2.5 mM DEA was selected for
catalytic experiments described below with the Fc-bound duplex
electrodes.

Analytical Performance Achieved by Employing the
Electrocatalytic Reaction between the Surface-Bound Fc%*
Process and DEA. (i) Effect of Target Concentration. Figure
5b shows the dependence of the electrocatalytic oxidation
current density derived from Au/CPL/TPL/R3 electrodes on the
concentration of the target DNA solutions over the concentration
range of 150 fM to 10 uM. Under conditions of cyclic
voltammetry, detection over awide dynamic range (150 fM and
1.0 uM) covering 6 orders of magnitude of concentration was
observed. The detection limit for the target DNA was estimated
to be 100 fM based on S/N = 3, which is 10-fold lower than
that reported previously in enzyme-free methods.*'*® The
detection limit for the R1-functionalized Au/CPL/TP1 duplex
electrode was 250 fM. These detection limits are similar to the
lowest values obtained in bioassays based on carbon nanotube-
derived amplification,"” enzyme-amplified amperometric detec-
tion with a microelectrode,®** and DNA hybridization using
biometallization.3'® The detection limit is coupled with excellent
reproducibility. Two series of six repeat measurements for a
150 pM TPL1 target DNA concentration each yielded RSD values
of 8.2% (n = 6).

(ii) Detection of Noncomplementary and Mismatched
Sequences. Figure 6a shows differences found in detection of
complementary (TP1) and noncomplementary target DNA (NC).
At the AWCPL/TPLR3 and AWCPL/TPL/R1 modified electrode,
a sharp increase in the oxidation peak currents for 50 nM TP1
was observed after introduction of the catalytic step (curves i
and ii in Figure 6a). However, when NC was used, the peak
current at the AU/CPL/NC/R3 and Au/CPL/NC/R1 electrodes
(curves iii and iv) was similar to that obtained at the control
AU/CP1/R3 electrode (e.g., before hybridization) (curve i in
Figure 53). These resultsindicate that the long-range charge transfer
through the Au/CPL/NC duplex layer, as explained above, is not
significant. Moreover, nonspecific adsorption of the NC sequence
onto the Au/CP1 layer, and hence the attachment of the R1 or R3
to the NC-attached duplex layer, did not occur.

Figure 6b compares the catalytic responses obtained for the
target (AWCPL/TPL/R3) and single-base mismatched (Au/CPL/
SM/R3)-modified electrodes. The C—A mismatch in the SM
sequence result in a>25% decrease in oxidation pesk, indicating
stronger perturbation of charge transport from the Fc center to
the electrode surface through the duplex layer. Importantly, the
peak currents obtained at the AW/CPL/'SM/R3 €electrode, after
employing the cataytic step, are much higher than those
obtained before employing the catalytic step. As a consequence
of the catalytic reaction, there is a significant improvement in
selectivity for detecting the single-base mismatched sequence
by the coupling of the electrocatalytic reaction step at the DNA-
mediated electrode. The ability to differentiate between a
complementary sequence and a single-base mismatched (or
noncomplementary) sequence aso was achieved by Barton et
al.> in which methylene blue coupled to [Fe(CN)¢]®~ was used
to detect mutations by electrocatalysis at DNA-mediated
electrodes.

(29) Nicholson, R. S;; Shain, |. Anal. Chem. 1964, 36, 706.

(30) (@) Palsky, R.; Gill, R.; Kaganovsky, L.; Willner, 1. Anal. Chem. 2006,
78, 2268. (b) Lieber, C. M.; Hahm, J. Nano Lett. 2004, 4, 51. (c)
Wang, J;; Liu, G.; Merkoci, A. J. Am. Chem. Soc. 2003, 125, 3214.

(31) (& zZhang, Y.; Kim, H.; Heller, A. Anal. Chem. 2003, 75, 3267. (b)
Hwang, S.; Kim, E.; Kwak, J. Anal. Chem. 2005, 77, 579.
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Figure 5. (a) Cyclic voltammograms obtained at a scan rate of 100 mVs™ at the AW/CPL/TPL/R3 electrode for a 50 nM solution of TP1 target sequence
with 2.5 mM DEA (iii) and without DEA (ii) in tris-HCI buffer solution. Curve (i) shows the control voltammogram obtained for the AW/CPL/R3 electrode.
(b) Dependence of the oxidation current density on the TP1 concentration at the Au/CPLUTPL/RS3 electrode.
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Figure 6. Cyclic voltammograms obtained at (a) R1- and R3-functionalized electrodes after hybridization to (a) 50 nM solutions containing the target TP1
(i and ii) and noncomplementary (iii, iv) sequences. (b) An R3-functionalized electrode after hybridization to a 50 nM solution of either the target TP1 (i)
or the single-base mismatched (ii) DNA sequence. Other experimental conditions are as in the caption to Figure 5.

Long-Term Stability. The long-term stability of the biosensing
layer was examined by measuring the electrochemical response
of an R3-functionalized duplex electrode for 20 days, storing
the electrode in 100 mM tris-HCI buffer solution (pH 7.4) at 4
°C. After 20 days, the oxidation peak current density decreased
by only 9.3% for the 150 pM target TP1 sequence (Figure Seb,
Supporting Information). The gradual decrease is likely to be a
result of the slow deactivation of the R3-functionalized sensing
layers that takes place when experiments are repeated with the
same electrode.

Conclusions

A selective, sensitive, and simple electrochemical assay based
on DNA-mediated charge transport coupled to a catalytic
reaction between surface-bound ferrocene moieties and diethy-
lamine present in solution has been developed. R1 and R3
receptor molecules form a very strong and selective chelate
complex by interacting with the T bases or TpT groups in the
duplex DNA structure at neutral pH. No oxidation current is
observed prior to the complexation of the R1 and R3 with the
target sequence to form the duplex structure on the Au electrode.
Upon complexation, an electrochemical response arising from
the oxidation and reduction of the surface-bound Fc following
duplex formation is observed which decreases with time. The
suppression of the current is hypothesized to be a consequence
of the disruption of the hydrogen bonding between A—T base
pairs in the duplex layer, which makes long-range charge
transport more difficult. Using optimized time and ionic
strengths for the incubation of the duplex sensing layer in the
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receptor solutions, the DNA biosensor can discriminate between
the complementary and either single-base pair mismatched or
nonomplementary DNA seguences.

A significant enhancement in current signal was achieved by
introducing an electrocatalytic step, which involved the addition
of 2.5 mM DEA into the 100 mM tris-HCI buffer solution used
for the electrochemical measurements with the R1- or R3-
immobilized duplex sensing layers (pH 7.4). Electrocatalysis
enabled the selective detection of complementary over non-
complementary and single-base pair mismatched DNA se-
quences. Furthermore, a wide dynamic range of concentrations
(150 fM to 1.0 uM) can be measured in a single assay format
with a detection limit of 100 fM. The combination of simple
fabrication and detection procedures as well as excellent stability
and reproducibility implies that the sensor isaviable aternative
to conventional enzyme- or nanocatalyst-based el ectrochemical
detection methods. Since the method employs electrochemical
detection, the design of an integrated, portable, and low-cost
device for DNA detection should be achievable.
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hybridization to the TP1 sequence, dependence of the oxidative
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