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Array-Based Electrical Detection 
of DNA with Nanoparticle 

Probes 
So-Jung Park, T. Andrew Taton,* Chad A. Mirkint 

A DNA array detection method is reported in which the binding of oligonu- 
cleotides functionalized with gold nanoparticles leads to conductivity changes 
associated with target-probe binding events. The binding events localize gold 
nanoparticles in an electrode gap; silver deposition facilitated by these nano- 
particles bridges the gap and leads to readily measurable conductivity changes. 
An unusual salt concentration-dependent hybridization behavior associated 
with these nanoparticle probes was exploited to achieve selectivity without a 
thermal-stringency wash. Using this method, we have detected target DNA at 
concentrations as low as 500 femtomolar with a point mutation selectivity 
factor of - 100,000:1. 

A major challenge in the area of DNA detection 
(1) is the development of methods that do not 
rely on polymerase chain reaction (PCR) or 
comparable target-amplification systems that 
require additional instrumentation and reagents 
that are not ideal for point-of-care or field use. 
Another restrictive requirement of most DNA 
detection systems, regardless of their need for 
PCR, is a thermal-stringency wash to differen- 
tiate target strands from ones with mismatches 
and thus achieve desired analyte selectivity. We 
previously reported several optical DNA detec- 
tion methods based on oligonucleotide-modi- 
fied Au nanoparticles and their size-dependent 
scattering, catalytic, and absorption properties 
(2-5). We also showed that Au particles that are 
heavily functionalized with oligonucleotides 
exhibit extraordinarily sharp thermal-denatur- 
ation profiles that translate into higher target 
selectivities (2-5). We now report a conductiv- 
ity-based DNA detection method utilizing oli- 
gonucleotide-functionalized Au nanoparticles 
that provides an alternative to existing detection 
methods (6-11) and presents a straightforward 
approach to high-sensitivity and -selectivity, 
multiplexed detection of DNA. 

In the detection scheme (Fig. IA), selec- 
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tive binding occurs between a shorter "cap- 
ture" oligonucleotide strand located in the 
gap between two fixed microelectrodes and a 
longer "target" oligonucleotide in solution. 
The target oligonucleotide has contiguous 
recognition elements that are complementary 
to the capture strand on one end and on the 
other to oligonucleotides attached to Au 
nanoparticles (Fig. iB). Therefore, when the 
device with the pair of electrodes is immersed 
in a solution containing the appropriate probe 
and target, Au nanoparticle probes fill the 
gap. 

In principle, capacitance or conductivity 
measurements can be made to determine the 
number of particles and, therefore, target 
molecules that fill the gap. However, the 
sensitivity of the device can be markedly 
increased by exposing the active component 
of the device to a solution of Ag(I) and 
hydroquinone (photographic developing so- 
lution). The use of Au nanoparticles as pro- 
moters for Ag(I) reduction has been exploited 
in colorimetric detection schemes for DNA 
and proteins (4, 12). Moreover, we and others 
have evaluated the electrical properties of 
DNA-modified nanoparticles, protein-modi- 
fied nanoparticles, aggregates, and structures 
formed from Ag reduction on individual par- 
ticles (13-15), and those data suggest that the 
system described in Fig. IA should be viable, 
provided that enough particles can fill the 
gaps and give a measurable electrical signal. 

Such a strategy can be extended to arrays 
(16), where each component of the array is an 
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electrode pair with a different oligonucleotide 
capture strand in the electrode gap. We de- 
scribe the performance of one such array, 
which consists of four elements designed to 
evaluate the selectivity of the system outlined 
in Fig. IA. We also describe an unusual salt 
dependence on the melting properties of the 
hybridized particles that can be used to elim- 
inate the need for a thermal-stringency wash 
to differentiate binding events involving mis- 
matched strands from ones based on perfectly 
complementary recognition elements. 

In a typical experiment, microelectrodes 
(60-nm Au on 5-nm Ti) with 20-p,m gaps 
were prepared by standard photolithography 
on a Si wafer with a 1-p,m coating of SiO2 
(Fig. IC). The exposed SiO2 of the entire 
chip was modified with succinimidyl 
4-(malemidophenyl)-butyrate (SMPB; Sigma 
Chemical, St. Louis, MO) by using reported 
methods (4, 17). Capture oligonucleotide 
strands were immobilized onto the activated 
surface by spotting 0.3 M NaCl, 10 mM 
phosphate buffer (pH 7) solutions [0.3 M 
phosphate-buffered saline (PBS)] of the ap- 
propriate alkylthiol-modified oligonucleotide 
(1 mM) in the electrode gaps by manual 
pipetting. All of the oligonucleotides used in 
this study were prepared by automated solid- 
phase syntheses (3, 18). The DNA chip arrays 
were designed to evaluate the discrimination 
of the complementary pair, A:T (X = A), 
from the three single-base mismatches, T:T 
(X = T), C:T (X = C), or G:T (X = G) in a 
synthetic 27-base oligonucleotide target 
(based on the anthrax lethal factor sequence) 
(19). After spotting capture oligonucleotides 
in the electrode gaps, the chip was stored in a 
humidity chamber for 24 hours to allow the 
coupling reaction between the SMPB and 
alkylthiol-capped DNA to take place. The 
chip was then washed with water and im- 
mersed in 2% hexanethiol in ethanol for 2 
hours to passivate the chip, including the Au 
electrodes. Finally, the DNA-functionalized 
chip was washed with ethanol and water and 
then dried under a stream of N2. 

To evaluate the detection capabilities of the 
array, we treated it with 0.3 M PBS solution of 
target DNA (10 nM) for 4 hours and rinsed it 
with 0.3 M PBS solution. It was then treated 
with a 0.3 M PBS solution of nanoparticle 
probes (2 nM, oligonucleotide-modified 13-nm 
diameter particles) (3) for 2 hours. The DNA 
chip was rinsed with 0.3 M NaNO3 in 10 mM 
phosphate buffer (pH 7) to remove chloride 
ions and then treated with a silver enhancer 
solution (Sigma), which is composed of 
AgNO3 and hydroquinone. The silver enhancer 
solution was replaced every 2 or 3 min to avoid 
the formation of silver particulate in solution. 
After each treatment of the chip with the silver 
enhancer solution, the chip was rinsed with 
water, then dried with N2, and the resistance 
values across the electrode gaps were measured 

with a Fluke 189 multimeter (Fluke, Everett, 
WA). After a 3-min treatment with silver en- 
hancer solution, the gaps with the four different 

oligonucleotide capture strands exhibit resis- 
tances greater than the limit of the multimeter 
(200 megohm) (Fig. 2A). 
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Fig. 1. (A) Scheme showing concept behind electrical detection of DNA. (B) Sequences of capture, 
target, and probe DNA strands. (C) Optical microscope images of the electrodes used in a typical 
detection experiment. The spot in the electrode gap in the high-magnification image is food dye 
spotted by a robotic arrayer (GMS 417 Microarrayer, Genetic Microsystems, Woburn, MA). 

A B 

>2xlo_**_* I 

U ~ Ehncn tieT(i)Ehnigtm mn 

C D 
- 106 

4) J~~ 

~104_ 

0 ~~ ib i~1 20 256 ib 15 20 25 
Enhancing time (me) Enhancing time (mi) 

C D___ _ 
35- 

0)25- 
E 

3040 50 60 
Temperature (bC) *~15- 

(C A rp ftesle nacn ierqie oraharssanevleo10kihmaa 

ae. 

-13 -1 9 -7 1000 100 .11 6 oi 0.01 
log (Target concentration/(M)) [Na+J (mM) 

Fig. 2. Resistance of the electrode arrays measured as a function of increasing silver enhancing time 
(A) without and (B) with washing with 0.01 M PBS at room temperature before silver enhancing. 
(C) A graph of the silver enhancing time required to reach a resistance value of 100 kilohm as a 
function of target concentration showing that target can be detected in the 50 nM to 500 fM 
concentration range by adjusting silver enhancing time. Target DNA and nanoparticle probes were 
cohybridized to capture strand DNA in 0.6 M PBS for 6 hours in all quantification experiments; this 
procedure leads to slightly greater sensitivity than the aforementioned protocol. (D) DNA duplex 
denaturation curve as a function of [Na+] for the perfectly complementary oligonucleotide (X = 
A) and the strand with a wobble mismatch (X = G). For these experiments, the inside walls of glass 
cuvettes (Fisher Scientific, Pittsburgh, PA) were functionalized with the appropriate capture-strand 
oligonucleotide and then treated with 0.3 M PBS solution of target DNA (10 nM) for 10 hours 
followed by nanoparticle probes (2 nM) for 5 hours. The extinction at 520 nm (1: 1 correlation with 
"% hybridized label") was monitored after washing the cuvettes with a series of buffer solutions 
containing different NaCl concentrations (20). (Inset) Thermal-denaturation curves for the per- 
fectly matched DNA (X = A) and the one with a wobble mismatch (X = G). 
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In the absence of a stringency wash, the 
gap resistances decrease with increasing ex- 
posure to the silver enhancer solution for all 
complementary and noncomplementary 
strands (Fig. 2A). In a separate experiment, 
field emission scanning electron microscope 
(FE-SEM) images of an indium tin oxide 
(ITO) surface, treated in a manner identical to 
treatment of the electrode gaps, before and 
after silver deposition show that silver depo- 
sition increases with increasing exposure to 
the silver enhancer solution (Fig. 3, A to D). 
Interestingly, the particles all exhibit differ- 
ent growth rates. Indeed, even after 9 min of 
exposure to the enhancer solution, some par- 
ticles remain unaffected in terms of size and 
shape. Thus, the nanoparticles initiate the 
silver deposition, but deposited silver fiurther 
catalyzes the silver reduction, which is ulti- 
mately responsible for closing the circuit, 
rather than a process that results in uniform 
particle growth with eventual electrical short- 
ing of those particles (20). The particles are 
complex materials and when considered on 
an individual basis, must have slightly differ- 
ent levels of oligonucleotide fimctionaliza- 
tion and, therefore, different activities with 
respect to their ability to promote the reduc- 
tion of Ag+ to Ag by hydroquinone. In the 
absence of target DNA, there was no detect- 
able signal even after 40 min of silver en- 
hancing. Using this method, we have detected 
target in the 50 nM to 500 fM concentration 
range without appreciable effort to optimize 
the system for sensitivity (Fig. 2G). The de- 

tection limit of a conventional fluorescence- 
based system that utilizes a confocal micro- 
scope, these oligonucleotide strands, and a 
Cy3-modified probe is - 5 pM (4). 

A conventional way of increasing target 
selectivity is to wash a DNA chip array with 
a buffer solution at a temperature that results 
in the dehybridization of DNA duplexes 
formed from noncomplementary strands (1). 
We have shown previously that other nano- 
particle-based DNA detection methods ex- 
hibit unusually high specificity because of the 
sharp melting transitions associated with du- 
plex structures formed from oligonucleotide- 
modified nanoparticle probes and comple- 
mentary oligonucleotides (4). Therefore, for 
the system reported here, one might expect to 
see a difference in resistance between the 
gaps modified with the perfectly complemen- 
tary capture strand as compared with the gaps 
modified with the noncomplementary 
strands, when washed with a stringency so- 
lution at the appropriate temperature. Indeed, 
when the chip was washed with 0.3 M PBS at 
50?C before treatment with the silver enhanc- 
er solution, the resistance for the gaps with 
the complementary capture strand decreased 
to 500 ohms with Ag enhancing time over a 
3- to 20-min range, but all three of the gaps 
with the single-base mismatches showed re- 
sistances greater than 200 megohm, even af- 
ter 20 min of enhancing time (20). In other 
words, a complementary strand in this exper- 
iment provides a signal that is at least 105 
times greater than that of the noncomplemen- 

tary strands. This selectivity is impressive, 
especially when one compares this value to 
the selectivity ratio observed in the compara- 
ble fluorescence-based approach (2.6:1) and 
even to that in the previously reported scano- 
metric approach (11:1) (4). 

We have found that oligonucleotide-mod- 
ified nanoparticles exhibit unusually sharp 
denaturation properties over salt concentra- 
tion gradients (Fig. 2D). Indeed, by examin- 
ing the extinction at 520 nm of two glass 
cuvettes fimctionalized with the complemen- 
tary capture strand-target-probe complex 
and the capture strand with G-T mismatch- 
target-probe complex, respectively, as a 
fimction of solution Na+ concentration, one 
can easily differentiate the mismatched oli- 
gonucleotides from the complementary tar- 
get. Importantly, one obtains better differen- 
tiation of the two strands using changes in 
salt concentration as opposed to changes in 
temperature (Fig. 2D, inset). Therefore, the 
nanoparticle probes on mismatched DNA can 
be selectively dehybridized by washing the 
chip with a buffer solution of the proper 
cation concentration. After a stringency wash 
of the chip with 0.01 M PBS at room tem- 
perature, the resistance of the gap with the 
perfectly complementary DNA (X = A) sub- 
stantially decreases with silver deposition, 
whereas all three gaps fimctionalized with the 
mismatched strands (X = T, G, or C) remain 
insulating, even after 20 min of enhancing 
time (Fig. 2B). In control experiments, when 
the DNA chip was washed with water in 
order to denature all of the duplex strands, 
there was no detectable signal for all four 
DNA strands after 40 min of silver enhanc- 
ing. The use of salt concentration as a strin- 
gency tool may eliminate the need. for ther- 
mocyclers in array-based detection systems 
and also opens up opportunities for using 
probes that suffer from instability at elevated 
temperatures. Finally, because this system is 
based on conventional microelectrodes, it is 
positioned for massive multiplexing through. 
the use of larger arrays of electrode pairs than 
the four used in the proof-of-concept experi- 
ments reported here. 

References and Notes 
1. G. H. Keller, M. M. Manak, DNA Probes (Stocktonton, 

NY, 1989). 
2. R. Elghanian, J. J. Storhoff, R. C. Mucic, R. L. Letsinger, 

C. A. Mirkin, Science 277, 1078 (1997). 
3. J. J. Storhoff, R. Elghanian, R. C. Mucic, C. A. Mirkin, 

R. L. Letsinger,J. Am. Chem. Soc. 120, 1959 (1998). 
4. T. A. Taton, C. A. Mirkin, R. L. Letsinger, Science 289, 

1757 (2000). 
5. T. A. Taton, G. Lu, C. A. Mirkin,J. Am. Chem. Soc. 123, 

5164 (2001). 
6. M. E. Napier et al., Bioconjugate Chem. 8, 906 (1997). 
7. S. 0. Kelly, E. M. Boon, J. K. Barton, N. M. Jackson, 

M. G. Hill, Nucleic Acids Res. 27, 4830 (1999). 
8. C. J. Yu et al., J. Am. Chem. Soc. 123, 11155 (2001). 
9. L. He et al., J. Am. Chem. Soc. 122, 9071 (2000). 

10. W. C. W. Chan, S. Nie, Science 281, 2016 (1998). 
11. S. R. Nicewarner-Pena etal., Science 294, 137 (2001). 

Fig. 3. FE-SEM images of the nanoparticle probes on an ITO-coated glass surface (A) before silver 
deposition, (B) after a 3-min treatment with the enhancer solution, (C) after a 6-min treatment 
with the enhancer solution, and (D) after a 9-min treatment with silver enhancer solution. 
ITO-coated glass substrates (Delta Technologies, Stillwater, MN) were modified with complemen- 
tary capture DNA strands, and the target DNA and oligonucleotide-modified nanoparticles were 
assembled on the substrates following the same procedure used for DNA detection (21). 

www.sciencemag.org SCIENCE VOL 295 22 FEBRUARY 2002 1505 



REPORTS 

12. C. M. Niemeyer, B. Ceyhan, Angew. Chem. Int. Ed. 40, 
3685 (2001). 

13. 0. D. Vetev, E. W. Kater, Langmuir 15, 3693 (1999). 
14. S.-J. Park et al., Angew. Chem. Int. Ed. 39, 3845 

(2000). 
15. R. Motter, A. Csaki, J. M. Kohter, W. Fritzsche, Langmuir 

17, 5426 (2001). 
16. S. P. A. Fodor, Science 277, 393 (1997). 
17. L. A. Chrisey, G. U. Lee, C. E. O'Ferratl, Nucleic Acids 

Res. 24, 3031 (1996). 

18. F. Eckstein, Oligonucleotides and Analogues (Oxford 
Univ. Press, New York, 1991). 

19. S. Ikuta, K. Takagi, R. B. Wattace, K. Itakura, Nucleic 
Acids Res. 15, 797 (1987). 

20. Supptementary data are avaitabte on Science Ontine 
at www.sciencemag.org/cgi/content/futt/295/5559/ 
1 503/DC1. 

21. The nanoparticte coverage on the ITO surface does 
not necessarity correspond exactty with the coverage 
on the SiO2 surface. However, the SEM images pro- 

vide information about the sitver-deposition process 
on an oxide surface modified with otigonucteotide- 
functionatized nanopartictes rather than a corretation 
between the amount of deposited sitver and resis- 
tance vatues in Fig. 2. 

22. C.A.M. acknowtedges the Air Force Office of Scientific 
Research (DURINT) and the Defense Advanced Re- 
search Projects Agency for support of this research. 

10 October 2001; accepted 17 January 2002 

Efficient Near-infrared Polymer 
Nanocrystai Light-Emitting 

Diodes 
Nir TessLer,'* Viad Medvedev,1 Miri Kazes,2 ShiHai Kan,2 

Uri Banin2* 

Conjugated polymers and indium arsenide-based nanocrystals were used to 
create near-infrared plastic light-emitting diodes. Emission was tunable from 
1 to 1.3 micrometers-a range that effectively covers the short-wavelength 
telecommunications band-by means of the quantum confinement effects in 
the nanocrystals. The external efficiency value (photons out divided by elec- 
trons in) is -0.5% (that is, >1% internal) and is mainly limited by device 
architecture. The near-infrared emission did not overlap the charge-induced 
absorption bands of the polymer. 

For certain device applications, semiconduct- 
ing polymers can replace inorganic semicon- 
ductors at lower cost because they are more 
easily processed. Examples include the de- 
velopment of organic light-emitting diodes 
(OLEDs) for full-color screen applications, 
and the development of field-effect transis- 
tors for smart circuit applications (1, 2). The 
extension of OLEDs into the technologically 
important near-infrared (NIR) spectral range 
used in telecommunications is more difficult 
because organic molecules usually display 
optical activity only at wavelengths shorter 
than 1 rim. 

Attempts have been made to extend or- 
ganic-based light emission beyond 1 [Lm by 
using lanthanide complexes in which rare- 
earth atoms are incorporated into the mole- 
cules (3-5). Emission efficiency is generally 
low because of near-field deactivation by the 
host associated with coupling of the optically 
excited state to the vibrations of the organic 
molecule or polymer (6), the best reported 
internal efficiency value being 0.01% (7). 
Furthermore, the 1.5-pm band is effectively 
covered by the mature technology of erbium- 
doped fiber amplifiers (8), whereas similar 
devices for the 1.3-pm band are still being 
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developed. Here we report the production of 
OLEDs, based on a combination of semicon- 
ducting polymers and NIR optically active 
semiconductor nanocrystals (NCs) (9), that 
cover the short-wavelength telecommunica- 
tions band with internal efficiency values of 
>1%. 

The incorporation of NCs with a semicon- 
ducting polymer in visible-range OLEDs 
(10-13) and photovoltaics (14) has been re- 
ported. We used a core-shell approach to 
produce NCs with strong emission in the NIR 
and increased photostability (15, 16). Opti- 
mized core-shell NC structures can shield the 
electron-hole pair that is localized to the core 
from the host deactivation paths while still 
allowing this active region to absorb energy 
from the host, either through charge transfer 
or through neutral-excitation energy transfer 
(as in the case of F6rster or Dexter transfer 

mechanisms) (17). In combination with com- 
mercially available polymers (18), we fabri- 
cated LEDs with external efficiencies up to 
0.5% [corresponding to 1.5 to 3% internal 
efficiency (19, 20)] where the emission center 
can be tuned up to 1.3 [Lm and the emission 
tail extends beyond 1.4 [Lm. The emission is 
taken out of the charge-induced absorption 
bands of the polymer (centered around -800 
nm), thus overcoming what is considered to 
be the main obstacle for achieving electrical- 
ly pumped lasers in amorphous organic ma- 
terials (21). 

Core-shell InAs-ZnSe NCs with an aver- 
age core radius of 2.4 nm and ZnSe shell with 
nominal thickness of 1.5 monolayers (Fig. 
1A) with strong emission in the 1.3-p.m range 
were prepared in a two-step synthesis, as 
reported previously (15, 16). Films of conju- 
gated polymers-either poly[2-methoxy-5- 
(2-ethylhexyloxy)- 1 ,4-phenylenevinylene] 
(MEH-PPV) or poly[(9,9-dihexylfluorenyl- 
2,7-diyl)-co-( 1,4- { benzo-[2, 1',3 ]thiadia- 
zole})] (F6BT) (Fig. 1) (18, 22)-and NCs 
were made by first creating separate NC and 
polymer solutions in toluene. Appropriate 
volumes were mixed to create the required 
NC/polymer volume ratio. Finally, the optical 
absorption of the composite film was mea- 
sured and used as a final monitoring step. 
Optically homogeneous films were spin-cast 
from solution to -100 nm thickness onto a 
suitable substrate (23). Typical absorption 
spectra of such films are shown in Fig. lB. 
The absorption is essentially a combination 
of the two species. Above 800 nm, the ab- 
sorption is due to quantum-confined transi- 
tions of the NCs, and below 600 nm, the host 
conjugated polymer contributes considerably, 
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Fig. 1. (A) Structural description of the nanocrystal (NC) and of the polymers MEH-PPV and F6BT. 
(B) Optical absorption spectra of MEH-PPV-NC (solid line) and F6BT-NC (dashed line) films with 
approximately equal volume ratio. 
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