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Abstract: We herein report a novel nanoparticle-based electrochemical DNA detection approach. This
DNA sensor is based on a “sandwich” detection strategy, which involves capture probe DNA immobilized
on gold electrodes and reporter probe DNA labeled with gold nanoparticles that flank the target DNA
sequence. Electrochemical signals are generated by chronocoulometric interrogation of [Ru(NH3;)s]*™ that
guantitatively binds to surface-confined capture probe DNA via electrostatic interactions. We demonstrated
that the incorporation of a gold nanoparticle in this sensor design significantly enhanced the sensitivity and
the selectivity. Nanoscale control of the self-assembly process of DNA probes at gold electrodes further
increased the sensor performance. As a result of these two combined effects, this DNA sensor could detect
as low as femtomolar (zeptomoles) DNA targets and exhibited excellent selectivity against even a single-
base mismatch. In addition, this novel DNA sensor showed fairly good reproducibility, stability, and reusability.

Introduction the fact that electrochemical detectors are simple, portable, and

Sequence-specific detection of DNA targets associated with IN€XPensive, electrochemical DNA sensors are widely recog-
either genetic or pathogenic diseases has become |ncreasmglyIzed to be a promising solution for point-of-care diagnostics
important in molecular diagnostié& Polymerase chain reaction @S Well as many other important applications, including antiter-
(PCR), an enzyme-based DNA amplification technology, is often "0rism and environmental monitorifg®>! A typical electro-
employed toward these applicatiohsievertheless, while PCR chemlcal DNA sensor involves a solid eIectrqde and surface-
is extremely sensitive, it remains to be improved from the confined capture probe DNA; upon hybridization of the

practical point of view. Its disadvantages include relatively long immobilized probes to the sequence-specific target DNA, redox

assay time, high assay cost, and error-prone nature that'@0els that either intercalatively bind to the hybridized double-

occasionally leads to “false-positive” signaf§ Hybridization-  standed DNA or are covalently tagged to DNA strands generate
based DNA detection is intrinsically more specific than PCR C€Orresponding electrochemical signals. .
arising due to the extremely high specificity of DNA base ~ APparently, the detection sensitivity of a DNA sensor is
pairing. While traditional hybridization-based Southern blotting d€términed by signal variation amplitude of a hybridization
(DNA blotting) relies on hazardous radioactive labels, more €VeNt- As a result, various strategies have been proposed to
recently developed DNA biosensors that takes the advantage
of modern optoelectronics have shown great promise for rapid,
sensitive, reliable, and cost-effective DNA detection in clinical (11

Taton, T. A.; Mirkin, C. A.; Letsinger, R. LScience200Q 289, 1757~
1760.
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diagnosticg® (12) ark S. J.; Taton, T. A.; Mirkin, C. AScience2002 295, 1503-1506.
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Scheme 1. CDS Strategy for DNA Detection?
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aRuHex cations electrostatically bind to negatively charged DNA strands in a stoichiometric approach. Chronocoulometric interrogation af the redo
reaction of RuHex quantitatively reflects the amount of DNA strands localized at the electrode surface. (A) AUNPs amplified detection: in teegpresen
target DNA, detection probes loaded on AuNPs form “sandwich” complexes with targets and capture probes anchored at the electrode surface. Note that
AuNPs heavily loaded with negatively charged DNA strands offer a great amplification for signal transduction. (B) Nonamplified detectiorzatigbridi
brings target DNA to the electrode surface. Note that the increased RuHex redox charge only arises due to the hybridized targets.

increase electrochemical turnovers in corresponding DNA ized. An electroactive complex, [Ru(N}]3" (RuHex), serves
hybridization. For example, previous reports involve either as the signaling molecule, which binds to anionic phosphate of
enzyme-based incorporation of many redox labels in a single DNA strands in a stoichiometric approach. Previous studies have
DNA strand?23 or replacement of small organic redox mol- well demonstrated that binding of RuHex to DNA is completely
ecules with redox enzymes that can translate a single hybridiza-through electrostatic interaction while free of any duplex
tion event into over 10 000 enzyme turnovérd? However, intercalation®2°As a result, redox charge of RuHex is a direct
commercialization of these sensors might be hampered by eitherfunction of the amounts of DNA strands localized at electrode
high cost or relatively poor stability of enzymes. Inorganic surfaceg? By employing this strategy, we demonstrate that this
nanoparticles can also serve as redox labels for DNA detec-prototype DNA sensor is reproducible, stable, reusable, and can
tion,2>26taking the advantage of their high stability, low cost, sensitively detect femtomolar target DNA with excellent dif-
and labeling convenienéé.In the present work, we report a  ferentiation ability for single-nucleotide polymorphisms (SNPs).
novel nanoparticle-based electrochemical DNA sensor by )
exploiting the signal amplification feature of gold nanoparticles Materials and Methods
(AuNPs) as well as controlled interfacial assembly of DNA  \aterials. All oligonucleotides (Table S1 of the Supporting
probes at gold electrodes. Information) were synthesized and purified by Sangon Inc. (Shanghai,
A “sandwich-type” detection strategy is employed in our China). Their concentrations were quantified by OD260 based on their
design, which involves capture probe DNA self-assembled at individual absorption coefficients. Probes 1 and 2 were thiolated with
gold electrodes and reporter DNA loaded on AuNPs (Scheme @ —(CHz)s— spacer at either the br 3 end, respectively. Target DNA
1), both of which flank the DNA target sequence. As a result, 3is a 38-base sgquence.that contains complementary sequences to both
in the presence of target DNA, the capture probe brings the 1_ and 2. DNA_4 is the mismatched counterpart pf 3, which contains a
target DNA, along with the reporter DNA labeled with AuNPs, smgl_e-nucleotlde mlsma_tch to probe 1. pNA 5is a random sequence
. . . . that is noncognate to either 1 or 2. Oligonucleotides9éhave the
proximal to the electrode surface. Since a single AuNP is loaded

: - ey analogous meanings, while their sequences are associated with BRCA-
with hundreds of reporter DNA strands, this offers a significant 1 5 well-known breast cancer geffe.

amplification for the detection of target DNA. In contrast, in - AyNPs (20+ 3 nm, ~0.01% HAUCH) were obtained from Sigma,
the absence of target DNA, the sandwich complex cannot bethe concentration of which was estimated by assuming that a nano-
formed, leaving the surface-confined capture probe unhybrid- particle was an ideal ball tightly packed with Au atoms. Ethylenedi-
aminetetraacetic acid (EDTA), mercaptohexanol (MCH), hexaam-

(22) DiGiusto, D. A.; Wlassoff, W. A.; Giesebrecht, S.; Gooding, J.; King, G.  mineruthenium(lll) chloride ([Ru(Nk)e]3", RuHex), and tris(2-
C. Angew. Chem., Int. EQ004 43, 2809-2812.
(23) Di Giusto, D. A.; Wlassoff, W. A.; Giesebrecht, S.; Gooding, J. J.; King,

G. C.J. Am. Chem. SoQ004 126, 4120-4121. (28) Ho, P. S.; Frederick, C. A.; Saal, D.; Wang, A. H.; Rich,JA.Biomol.
(24) Caruana, D. J.; Heller, Al. Am. Chem. S0d.999 121, 4728-4728. Struct. Dyn.1987, 4, 521-534.
(25) Wang, J.; Xu, D.; Polsky, Rl. Am. Chem. So@002 124, 4208-4209. (29) Steel, A. B.; Herne, T. M.; Tarlov, M. Anal. Chem.1998 70, 4670~
(26) Wang, J.; Kawde, A. N.; Erdem, A.; Salazar, Mhalyst2001, 126, 2020~ 4677.

2024. (30) Easton, D. F.; Ford, D.; Bishop, D. Am. J. Hum. Genef.995 56, 1284~
(27) Rosi, N. L.; Mirkin, C. A.Chem. Re. 2005 105, 1547-1562. 1297.
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carboxyethyl)phosphine hydrochloride (TCEP) were from Sigma. 0.6
Tris(hydroxymethyl)aminomethane was from Cxbio Biotechnology Ltd.
The buffer solutions employed in this study are as follows. DNA
immobilization buffer: 10 mM Tris-HCI, 1 mM EDTA, 10 mM TCEP,
and 0.1 M NaCl (pH 7.4). Hybridization buffer: phosphate buffered
saline (PBS, pH 7.4) with 0.25 M NaCl and 10 mM phosphate buffer.
Buffers for both electrochemistry and electrode washing are 10 mM
Tris-HCI solutions (pH 7.4). All solutions were prepared with MilliQ
water (18 M2-cm) from a Millipore system.

Electrochemical MeasurementsAll electrochemical measurements
were performed with a CH 650 electrochemical workstation (CH -0.24
Instruments Inc., Austin). A conventional three-electrode configuration . r . . r .
was employed all through the experiment, which involved a gold 05 04 03 02 01 00 01
working electrode, a platinum wire auxiliary electrode, and an Ag/ Potential (V vs Ag/AgCI)

AgCl reference electrode. Cyclic voltammetry (CV) was carried out at Figure 1. Cyclic voltammograms of gold electrodes modified with capture
a scan rate of 50 mV/s, and chronocoulometry (CC) at a pulse period Probelin 10 mM Tris buffer (pH 7.4) with 5:M RuHex before (dash
of 250 ms and pulse width of 700 mV. The electrolyte buffer was Ime)@ndt_after h)l/%n?lzatlondwitg 1‘,'\\/'" :argg3_ '”tr:he absence Olf ﬁumg
thoroughly purged with nitrogen before experiments. ngl:f:ggt:gg ((tsh?clk |i:'?:)). grc]an ratg,t Soa:gwsl.n € presence of Au

Functionalization of AUNPs with Reporter Probe DNA. AuNPs
are readily functionalized with thiolated DNA strands via the well-  Rasults and Discussion
known gold-sulfur chemistry. It has been well documented that self-
assembly of thiolated DNA on AuNPs significantly increases the ~ AUNP-Amplified Detection of DNA Hybridization. We
stability of AUNPs!® Conjugates of oligonucleotide DNAAUNPs were employed RuHex as the signaling molecule in this chronocou-
synthesized following the published protoé®Briefly, DNA—AuUNPs lometric DNA sensor (CDS). CV was first employed to
were synthesized by incubating reporter probes (DNA 2 or 7,B1p characterize the electrochemistry of RuHex at gold electrode
in 1 mL of 20 nm AuNPs solution+1.2 nM). After standing for 16 h,  syrfaces with DNA/MCH monolayers. Consistent with previous
the DNA—AUNP conjugates were “aged” in salts (0.1 MNaCl, 10mM  g,gjes; two pairs of peaks were observed (Figure 1): one (peak
phosphate, pH 7.0) for 40 h. Excess reagents were removed by .ir |y arose due to the redox reaction of RuHex electrostatically
centrifuging at 15 000 rpm for 30 min. The Ted oily precipitate Was 1, tq the phosphate backbone of DNA, while the other (peak
washed, re-centrifuged, and then dispersed in 1 mL solution (10 mM ~ . . . L

: pair 1) was ascribed to RuHex diffused to the MCH portion in
phosphate buffer with 0.25 M NaCl, pH 7.0). / .
o the mixed SAM of DNA/MCH?°31 Therefore, the peak pair |

DNA Self-Assembly and Hybridization at Gold Electrodes Gold .
electrodes (2 mm in diameter, CH Instruments Inc., Austin) were first reflected the am?“”t Of DNA strands localized at the ?l_eCtYOde

surface. Interestingly, in the absence of AUNP amplification,

polished on microcloth (Buehler) with Gamma micropolish deagglom- : ) -
erated alumina suspension (0.08) for 5 min. Residual alumina  ©Only slightincrease in the peak current was observed even after

powder was removed by sonicating electrodes in ethanol and Waterhybri'd.izat'ion with 1M DNA target; in contrast, with AUNP
for 5 min, respectively. Then electrodes were electrochemically cleaned amplification, we observed significant enhancement of peak |
to remove any remaining impuritiésAfter being dried with nitrogen, only with 10 pM DNA target. These CV curves provided an

Peak I Peak 11

N
I~
"

Current (LA)
f=]
[}

electrodes were immediately used for DNA immobilization. intuitive impression of the amplification effect of AuNPs,
Electrodes with DNA self-assembly monolayers (SAMsf dif- implying that one could use AuNPs to realize DNA detection

ferent surface density were interrogated in this work. Low-density with high sensitivity.

surfaces (1.2x 10'2 molecule/cr) were obtained by incubation of We then employed CC to characterize the redox process of

electrodes with 0.2M of capture probes (1 or 6) in the immobilization  RyHex (detailed procedures are included in the Supporting
. . . 5 . \ !
buffer for 30 m'”'sMed'“m'de”S'ty (6.8 10 molecule/crf) and high-  |nformation). We have previously demonstrated that the RuHex/
density (1.2x 10" molecule/cr) surfaces were prepared by incubation DNA/electrode system generated significantly more intense
of electrodes with 2 and BM of capture probes in the immobilization . . . L
signal in chronocoulometry than in voltammettyThis is

buffer with 1 M NaCl for 1 h, respectively, The DNA-modified . .
electrodes were further treated with 1 mM MCH fbh toobtain well- possibly because a large portion of RuHex molecules entrapped

aligned DNA monolayers. The DNA surface density as well as DNA in the h_eterogeneous film are kinetipaﬁjectroinact'veduring
hybridization efficiency was quantitatively measured with CC as dynamic” voltammetric scans, while nearly all RuHex mol-

previously describeg3! ecules areelectroactve in the “static” chronocoulometric

Target DNA was pre-annealed with reporter probes loaded on AuNPs .measurement.@. Of note, we observed an ampllfllcatlon effect
at 37°C for 30 min in the hybridization buffer, and thernud of the in CC experiments similar to that in CV (Figure S1 of
solution was placed on gold electrodes with DNA SAMs foh at Supporting Information).

room temperature. Since the pre-annealing step was performed in a Nanoscale Control of DNA Assembly and Hybridization.
quasi-homogeneous condition (hybridization at nanoparticle surfaces), DNA hybridization efficiency at surfaces is a sensitive function
which is usually faster than heterogeneous hybridization at the electrodeqf syrface density of immobilized DNA capture proBé&we
surface, we expect that this pre-annealing/on-electrode hybridization ;5 prepared a series of DNA SAMs with different surface
process is more efficient than the two-step on-electrode hybridization density, by varying probe concentration, self-assembly time, and/
process. After hybridization, electrodes were extensively rinsed with or ionic strength in the immobilization buffer (see Materials

washing buffer and dried under a stream of nitrogen prior to . . R
electrochemical characterization. and Methods). As shown in Figure 2, DNA hybridization

(32) Southern, E.; Mir, K.; Shchepinov, NNat. Genet1999 21, 5-9.
(31) Lao, R.; Song, S.; Wu, H.; Wang, L.; Zhang, Z.; He, L.; FanA@al. (33) Peterson, A. W.; Heaton, R. J.; Georgiadis, RNvcleic Acids Re2001,
Chem.2005 77, 6475-6480. 29, 5163-5168.
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Figure 2. (A) Comparison of hybridization efficiency for gold electrodes : — 0,00 — —
with different DNA surface density. DNA hybridization was performed by 0.0 c 5‘0;13 M 1.0x10 0.0 c 5~°Xt‘r°t. M 1.0x10
incubation of electrodes in ZM solution of target DNA for 60 min. (B) oncentration (M oncentration (M)
Comparison of signal intensity for gold electrodes with different DNA ~ Figure 3. (A) Chronocoulometry curves for electrodes with capture probe
surface density. DNA hybridization was performed by incubation of 1 hybridized with target DNA at a series of concentrations (50 fM, 100
electrodes in 10 pM solution of target DNA in the presence of AuNP fM, 1 pM, and 10 pM), and with 10 pM single-nucleotide mismatched (SNP)
amplification. Redox charges of RuHex bound to DNA were obtained from DNA. Note that reporter DNA labeled with AuNPs is always present during
chronocoulometric measurements. Signal was defined as the difference inthe hybridization, including the control experiment that is free of target
the redox charge of RuHex after and before hybridization (signal DNA (“control” curve). The electrolyte is 10 mM Tris buffer (pH 7.4)
Qatter — Qbefore Qbefore= 0.090+ 0.0054C). Error bars show the standard containing 5QuM RuHex. Pulse periog= 250 ms; pulse widtk= 700 mV.
deviations of measurements taken from at least three independent experiIntercepts at = 0 in chronocoulometric curves represent redox charges of
ments. In the figure, L, M, and H stand for low-density (202 molecule/ RuHex bound to DNA. (B) Logarithmic plot of signal versus target DNA
cm?), medium-density (6.& 102 molecule/crd), and high-density (1.% concentration, where the definition of signal is the same as that in Figure
103 molecule/cri) surfaces. Estimated intermolecular distances for elec- 2. The left half represents the plot for detection in the presence of AUNP
trodes with different surface density are as follows: low density (9.2 nm); amplification, while the right half represents the plot for detection in the
medium density (4.1 nm); high density (2.8 nm). absence of AUNP amplification. Error bars show the standard deviations
of measurements taken from at least three independent experiments. (C)
and (D) are the original plots (without logarithmic conversion) for detection
efficiency decreased along with the increased surface density,in the presence and in the absence of AUNP amplification, respectively.

with highest efficiency £80%) at low-density surfaces (1:2
102 molecule/crf) and lowest efficiency€5%) at high-density ~ single-base mismatch in the middle of the capture probe binding
surfaces (1.2 103 molecule/crd). We then challenged CDS  section. As shown in Figure 3, the mismatched DNA could be
with 10 pM target DNA as well as reporter DNA labeled with  readily distinguished from the perfectly matched DNA. We
AuUNPs. Consistently, we observed that the CDS signal for the found that the signal for mismatched DNA (10 pM) was only
surface with low density was approximately 10 times more <15% of that for complementary DNA of the same concentra-
intense than that with high density. This clearly showed that tion while comparable to that for complementary DNA in the
control of DNA assembly was essential for sensitivity improve- femtomolar range, which clearly showed that CDS could
ment, and that low-density DNA monolayers were optimal for satisfactorily perform SNP assays:1).
high-sensitivity DNA detection. To further demonstrate the applicability of CDS for SNP
Sensor Performance of CDS.We observed that redox discrimination, we employed a model system associated with a
charges of RuHex increased upon hybridization with comple- breast cancer gene, BRCA-1. It has been well documented that
mentary DNA 3, and the intensity was cognate to the target women inheriting BRCA-1 mutations are highly susceptible to
concentration. We then evaluated the detection performance ofthe development of breast cané&wWe then challenged the CDS
CDS by exposing the sensor to a series of target DNA with a series of BRCA-1 mutations, that is, DNA—-21
concentrations. We found that signal intensity was logarithmi- containing different base mismatches (T, C, and G) in the middle
cally related to target concentrations across the range of 50 fM of the capture probe binding section. As shown in Figure 4,
to 10 pM (Figure 3). The limit of detection was estimated to be only the perfectly matched DNA produced prominent signals,
10 fM (3 times signal-to-noise ratio). Note that we could only while signals corresponding to all mismatched DNA were not
detect 0.5 nM target DNA in the absence of AUNP amplification significant (<20%).
(Figure 3), the sensitivity of which is more than 4 orders of  Besides sensitivity and selectivity, reusability is also an
magnitude lower than that of CDS. This clearly showed the important feature for biosensors. We found that CDS could be
large amplification effect of AUNPs. In addition, the employed conveniently regenerated by incubation of modified electrodes
“‘on-electrode” hybridization approach allowed the use of a small jn hot water (8(°C) for 510 min, which completely removed
sample volume as low asd., equating to an absolute detection  hybridized DNA via thermal denaturation. Importantly, CDS
limit of 40 zmol (approximately 24 000 moleculg). Also almost retained original performance after three regeneration
of note, the CDS was also fairly reproducible, with small sensor- cycles, with negligible loss of probes and without sacrificing
to-sensor variations (RSD ranging from 5.0 to 7.1% for different hybridization efficiency (Figure S2 of Supporting Information).
target concentrations). In addition, CDS is also fairly robust at normal storage
Differentiation of single mismatches is of significant interest conditions. After sensor preparation, gold electrodes with DNA
for a variety of important applications, including SNP geno-
typing3* We tested a mismatched DNA 4, which contained a (34) Cargill, M.; et al.Nat. Genet1999 22, 231-238.
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1 nm), hybridization might be significantly hampered by the

0.61
O 05 7 steric effect within a dense monolayer of DNA probes. In fact,
3 0.4] we have demonstrated that efficiency of DNA hybridization is
& 0'3 highly dependent on intermolecular spacing within the DNA
5 7] SAMs. When the surface density decreases fromx 2013 to

0.24
0.14
0.0

1.2 x 10" molecule/crd, the distance between DNA strands
increases from 2.8 to 9.2 nm (Figure 2). Such a precise control
of DNA surface density in CDS leads to a signal amplification

Figure 4. Comparison of signal intensity for gold electrodes hybridized factor of ]_'O' o ]
with a series of targets associated with BRCA-1 at 10 pM: the perfectly ~ CDS with femtomolar sensitivity (and zmoles in absolute

&né;tcftled D'f\lA_ (A) Ia_ndtﬁingle-nuclefitri]d? _rni's:r_natchgd EDNA (J , C, ﬁ)- T?ﬁ detection limit) is among the most sensitive solid-state DNA
cenion of sl = re a2 atn Pgure 2, Err bt show e sensors ever reportécand satisfactoriy meets he requirement
experiments. of genetic analysis and clinical diagnostics in many cases.
Despite this, the CDS sensitivity is still not comparable to those
SAMs could be stored in the refrigerator with minimal loss of of PCR and several solution-phase DNA assay meti8dhis
DNA SAMs for at least a week. Nevertheless, we noticed that is partially associated with limited diffusion rates of target DNA
significant loss of DNA SAMs ¥ 40%) occurred under more  from bulk solutions to electrode surfacdsndeed, as shown
stringent conditions, suchsdl h incubation at boiling temper-  in Figure 3D, the apparent dissociation constag) for this
ature, suggesting that the stability of CDS remains to be heterogeneous hybridization is in the high nanomolar range,
improved. which suggests that the hybridization at the surface is largely
influenced by mass transport. To realize high-end applications,
such as direct, unamplified pathogen detection, further optimiza-
Tarlov and co-workers first proposed an effective way to tion of the system and incorporation of a variety of existing
guantitatively measure DNA surface density by using RuHex technologies, such as electrocataly8isigh-affinity locked or
as a redox prob#.This method is nevertheless not of sufficient peptide nucleic acid (LNA or PNA) probés;*2and/or magneti-
sensitivity (~nanomolar) for DNA detection (Figure S2 of cally or electrically facilitated hybridizatiof might lead to
Supporting |nf0rmation)_ Recenﬂy, Ke||ey and co-workers further signal amplification by several orders of magnitude.
realized picomolar DNA detection sensitivity by incorporation The CDS selectivity compares favorably with previously
of nanoelectrodes and electrocatalysis that coupled the redoxreported DNA detection method%The excellent selectivity of
reaction of RuHex with the chemical reaction between RuHex CDS may also benefit from the use of AUNPs. Pioneering work
and ferricyanidé>2¢ In the present work, we report a novel from Mirkin group has well demonstrated that the AUNPNA
CDS approaching femtomolar detection sensitivity for target ensemble features extremely sharp denaturation transition over
DNA. This sensitivity exceeds that of conventional fluorescent both temperature and ionic strength gradiéttd2’In particular,
DNA detection (nanomolar to picomolar) by at least 2 orders mismatched DNA and its target are forced apart under suf-
of magnitude. We also note that this femtomolar sensitivity is ficiently low ionic strength due to the existence of strong
comparable to or even better than the sensitivity of the coulomb repulsion between the two negatively charged DNA
nanoparticle-based solid-state DNA sensors (scanometric orstrands? Interestingly, the solution of low ionic strength (10
E|eCtriC3.|) deve|0p6d by Mirkin and co-workéfst2In addition, mM TE buffer free of Sa]ts) emp|0yed in this work has dual
both assay speed and operation convenience are significantlyroles. One is to avoid screening the electrostatic binding between
improved due to the optimized DNA assembly and the absenceRuHex and DNA, and the other is to stringently wash off
of a silver-staining step in their approactédVery recently, mismatched DNA. Indeed, CDS can reliably differentiate SNPs
Hansen et al. reported an electrochemical approach for DNA associated with BRCA-1 at room temperature, which is a
detection by using metal sulfide nanoparticles. They could detect significant improvement compared to conventional SNP assays
as few as 33 fM DNA targets, which was nevertheless rather that rely on thermal stringency via precise temperature control.
time-consuming {8 h) 3’ It should be mentioned that the CDS selectivity might be further
The high sensitivity of CDS arises due to two combined increased by using highly specific PNA or LNA pro842|t
effects. First, capturing of a single target DNA strand also brings is worthwhile to point out that we observed the nonspecific
an AuNP loaded with a few hundred DNA strands proximal to adsorption of a small amount of AuNPs to the sensor surface.
the SUrface, while each strand contains 25 RuHex blndlng SiteSThe nonspeciﬁc signa| arising due to the adsorption of AuNPs
(the reporter probe contains 25 bases/phosphate ions). As as approximately 0.02% 0.010xC, which is reasonably small
reSUlt, a Single hybridization event is translated into more than Compared to the AuNP_amp“ﬂed Signa| but does increase the

10° redox events, leading to signal amplification by at least 3 packground signal. Design of surfaces that are completely
orders of magnitude. Second, nanoscale control of DNA

assembly offers additional Signal amplification. Since the (38) Nam, J.-M.; Stoeva, S.; Mirkin, C. A. Am. Chem. So2004 126, 5932~

diameter of ssDNA is also at the nanometer scale (approximately _ 5933. )
(39) Sheehan, P. E.; Whitman, L.Nano Lett.2005 5, 803—-807.

(40) Lapierre, M. A.; O'Keefe, M.; Taft, B. J.; Kelley, S. @nal. Chem2003

.

Discussion

(35) Gasparac, R.; Taft, B. J.; Lapierre-Devlin, M. A.; Lazareck, A. D.; Xu, J. 75, 6327-6333.
M.; Kelley, S. 0.J. Am. Chem. So@004 126, 12270-12271. (41) Nielsen, P. ECurr. Opin. Biotechnol2001, 12, 16—20.

(36) Lapierre-Devlin, M. A.; Asher, C. L.; Taft, B. J.; Gasparac, R.; Roberts, (42) Crinelli, R.; Bianchi, M.; Gentilini, L.; Palma, L.; Magnani, NMurr. Drug
M. A.; Kelley, S. O.Nano Lett.2005 5, 1051-1055. Targets2004 5, 745-752.

(37) Hansen, J. A.; Mukhopadhyay, R.; Hansen, J. O.; Gothelf, KI.\Am. (43) Cheng, J.; Sheldon, E. L.; Wu, L.; Uribe, A.; Gerrue, L. O.; Carrino, J.;
Chem. Soc2006 128 3860-3861. Heller, M. J.; O’'Connell, J. PNat. Biotechnol1998 16, 541-546.

J. AM. CHEM. SOC. = VOL. 128, NO. 26, 2006 8579



ARTICLES Zhang et al.

resistant to AUNP adsorption might decrease the background Acknowledgment. We deeply appreciate kind help from Prof.

signal and further increase the detection sensitivity. Alan J. Heeger (University of California, Santa Barbara). We

also thank the National Natural Science Foundation (60537030

and 20404016), Shanghai Municipal Commission for Science
We report a novel approach to DNA detection via CDS, a and Technology (0452nm068 and 03DZ14025 under the BDCC

solid-state chronocoulometric DNA sensor exhibiting very high program), and Shanghai Rising-Star Program and Chinese

sensitivity and selectivity. These features, as well as its operation Academy of Sciences for financial support.

convenience, stability, and reusability, make it a promising

alternative to conventional fluorescent DNA detection methods.  sypporting Information Available: Detailed description of

Since CDS is electrochemistry-based, one might expect thethe experiments and additional figures. This material is available

design of an integrated, portable, and low-cost device for DNA free of charge via the Internet at http://pubs.acs.org.

detection based on the proof-of-concept approach described in

this work. JA061521A

Conclusion

8580 J. AM. CHEM. SOC. = VOL. 128, NO. 26, 2006





