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Whereas spectroscopic and chromatographic techniques for the
detection of small molecules have achieved impressive réesdlts,
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these methods are generally slow and cumbersome, and thus the e
T
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development of a general means for the real-time, electronic
detection of such targets remains a compelling goal. Here we \ /
demonstrate that a previously described electronic aptamer-based (= .)I
sensing platform termed E-AB sensboraay meet this goal. We e —
do so by building a label-free, electronic E-AB sensor for the ()
detection of cocaine in complex, contaminant-ridden samples. The
sensor is “signal-on”, responds rapidly (seconds) and specifically
to micromolar cocaine in blood serum, saliva, and adulterated
samples, requires only inexpensive, off-the-shelf electronics, and Figure 1. The electronic aptamer-based (E-AB) cocaine biosensor.
regener_ates via a brief, room temperature Was_h. _ Table 1. Modified Aptamers?

Cocaine serves as an ideal and representative target for testing
new analytical techniques due to pressing needs for its rapid aptamer sequence (5' — 3)

detection in law enforcement and clinical settings. We have Al HSC6-GACAAGGAAAATCCTTCAATGAAGTGGGTC-MB
fabricated an E-AB sensor for the electrochemical detection of this A2 MB-GACAAGGAAAATCCTTCAATGAAGTGGGTC-C3SH
small molecule (Figure 1) using an aptamer previously engineered A3 HSCE-GACAAGGAAAATCCTTCAATGAAGT(MB)GGGTC

by Stojanovic et at The E-AB sensor is fabricated by self-assembly HSCO-ACACAACGAAMATCCTTCAATEAAGTEEETCCMB

of the relevant methylene-blue (MB)-tagged aptamer erLann? aMethylene blue (MB) redox tags are covalently attached via a seven-
gold electrode via an alkanethiol group. In the absence of target, carbon linker to the termini, or an internal thymidine, as indicated.

the aptamer is thought to remain partially unfolded, with only one
of its three double-stranded stems intakt.the presence of target,
the aptamer presumably folds into the cocaine-binding three-way 60 COCAINE
junction, altering electron transfer and increasing the observed
reduction peak. Of note, the fold of the cocaine-binding aptamer is
distinct from the aptamer employed in the first E-AB serfsthus
providing evidence of the E-AB platform’s generalizability.

To determine optimal redox tag and electrode attachment
geometries, we have explored four different sensor architectures
(Table 1). Upon aptamer immobilization and subsequent electrode
passivation, aptamers Al, A3, and A4 give rise to large MB
reduction peaks. In contrast, electrodes modified with A2 (contain-
ing only a three-carbon alkanethiol group) and passivated do not 0 ' . . . - : .
exhibit MB reduction in either the presence or absence of target, 045 0.35 0.25 018 0.05
suggesting A2 is not adsorbed to the electrode. When immersed in Potential (V vs. Ag/AgCI)

cocaine-.containing. samples, the. Faradaic currents produced by AlFigure 2. AC voltammograms of the A4 cocaine E-AB sensor (reduction
and A4 increase significantly (Figure 2), presumably because the peak) recorded in saline buffer (1 M sodium chloride, 10 mM potassium
aptamers place their redox tags in close proximity to the electrode phosphate, pH 7) (black). Upon addition of 5aM cocaine, a signal
upon folding into their cocaine-binding configurations. Alterna- increase is observed. The sensor was then regenerated by immersing the
tively, the observed signal change could arise due to binding- electrode two times in room temperature buffer for 3 min (red).

induced modulation of the intercalation state of the C7-linked MB

tag® The signal produced by A3, in contrast, does not change in response to target (data not shown), suggesting that binding does
not significantly affect electron transfer or that the internal
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Figure 3. A dose-response curve for the A4 E-AB cocaine sensor in saline
buffer.

Table 2. Cocaine Detection in Cutting and Masking Adulterants?

adulterant Scott Test E-AB signal
none positive +31.4%
equal mass flour positive +31.4%
equal mass sugar positive +31.5%
equal mass baking soda positive +31.2%
equal mass coffee positive +29.5%
equal mass mustard powder positive +30.7%
10X mass cobaltous thiocyanate negative +24.2%

a Cocaine mixed with cutting and masking agents was detected via the
Scott test and, at-200-fold lower concentration, the E-AB sensor. Scott

Test results refer to the presence (positive) or absence (negative) of a color

change upon addition of70 mg/mL of cocaine. The E-AB analysis, in
contrast, was performed using a concentration of A&@nL.

observe 97% of the total signal change within the first 80 s ACV
scan and complete saturation in less than 4 min (data not shown).
To assess the E-AB sensor’s ability to detect small molecules in

complex, tainted samples, we tested sensors built with aptamers

Al and A4 for their ability to detect cocaine in the presence of
biological fluids and other contaminants. We find that both sensors
readily detected 500M cocaine in fetal calf serum or human saliva
(both diluted 50% in buffered saline as an electrolyte), with signal
increases of 12.3 and 16%, respectively. Upon immersion in
cocaine-free buffered saline, the signal returned to the original value
(within 2%). Similarly, the sensor is effectively impervious to the
many agents employed to cut or mask coclifieable 2). This
includes cobaltous thiocyanate, a masking agent employed to
obscuré®the colorimetric Scott TeStcommonly used by customs
agents and law enforcement officials (Table 2). These results
compare favorably with previously reported optical aptamer ap-
proache$, which are generally limited by significant background
fluorescencé?13

Because of the rapid equilibration time of the sensor, simple
immersion in target-free buffer for a few minutes leads to near
complete regeneration (Figure 2). To demonstrate this and to
monitor the reproducibility of the E-AB sensor, we repeated
measurements in cycles of immersion in %00 cocaine, followed
by two 3 min immersions in target-free buffer. We find that the
coefficient of variability associated with these measurements is just
3%, and that, even after six rounds of use and regeneration, we
recover the initial sensor signal to within 1%.

In summary, we have demonstrated a rapid, label-free, electronic
method for the detection of small molecules. The E-AB sensor
responds to its target in seconds and is easily regenerated via a
brief room temperature wash. Moreover, because the sensor is based
on a target-induced conformational change (rather than a less
specific signaling mechanism, such as adsorbed mass or charge),
it is unaffected by nonspecific contaminants, as evidenced by our
detection of cocaine in blood serum, saliva, and other complex,
contaminant-ridden samples. Given recent advances in aptamer
selection protocols, which yield aptamers against targets ranging
from proteing*15to small molecule$® new techniques developed
to specifically select aptamers with signal transduction propérti&s,
and the observation that completely distinct structural classes of
aptamers can be employedjt appears that E-AB sensors may
provide a means for the convenient, specific detection of a wide
range of targets. Finally, given the small electrode size and label-
free nature of the approach, the generation of E-AB biosensing
elements may allow the development of densely packed, multi-
analyte sensing array$for the simultaneous detection of numerous
compounds in environmental, clinical, or civil defense applications.

Acknowledgment. This research was supported by the Institute
for Collaborative Biotechnologies (DAAD 19-03-D-0004), the
Center for Nanoscience Innovation for Defense (DMEA 90-02-2-
0215), and the Santa Barbara Foundation Tri-Counties Blood Bank.
We also thank The Scott Company (Justin, TX) for kindly providing
Simplified Scott Test kits.

Supporting Information Available: Materials and methods. This
material is available free of charge via the Internet at http://pubs.acs.org.

References

(1) Tagliaro, F.; Antonioli, C.; De Battisti, Z.; Ghielmi, S.; Marigo, M.
Chromatogr. A1994 674 (1-2), 207-215.

(2) Trachta, G.; Schwarze, B.; Saegmuller, B.; Brehm, G.; Schneidér, S.
Mol. Struct.2004 693 (1—3), 175-185.

(3) Buryakov, I. A.J. Chromatogr. B2004 800 (1—-2), 75-82.

(4) Strano-Rossi, S.; Molaioni, F.; Rossi, F.; BotreRapid Commun. Mass
Spectrom2005 19 (11), 1529-1535.

(5) Xiao, Y.; Lubin, A. A.; Heeger, A. J.; Plaxco, K. WAngew. Chem., Int.
Ed. 2005 44 (34), 5456-54509.

(6) Stojanovic, M. N.; de Prada, P.; Landry, D. W.Am. Chem. So2001,
123(21), 4928-4931.

(7) Radi, A. E.; Sanchez, J. L. A.; Baldrich, E.; O’Sullivan, C.Afal. Chem.
2005 77 (19), 6320-6323.

(8) Tani, A;; Thomson, A. J.; Butt, J. Mnalyst2001, 126, 1756-1759.

(9) Microgram Bull. 2003 36 (2), 34-40.

(10) Krebs, C. P.; Costelloe, M. T.; Jenks,Ibt. J. Drug Policy200Q 11 (5),
351—-356.

(11) Young, J. LAm. J. Pharm1931, 103 709-710.

(12) Ullman, E. F.; Bellet, N. F.; Brinkley, J. M.; Zuk, R. F. Homogeneous
Fluorescence Immunoassays. llmmunoassays: Clinical Laboratory
Techniques for the 19808lakamura, R. M., Dito, W. R., Tucker, E. S.,
Eds.; Alan R. Liss, Inc.: New York, 1980; pp +33.

(13) Fang, X.; Sen, A.; Vicens, M.; Tan, WWhembiochen2003 4 (9), 829~
834.

(14) Li, J. J.; Fang, X.; Tan, WBiochem. Biophys. Res. Comm@002 292
1), 31-40.

(15) Perlette, J.; Li, J.; Fang, X.; Schuster, S.; Lou, J.; TanR&. Anal.
Chem.2002 21 (1), 1-14.

(16) Famulok, M.Curr. Opin. Struct. Biol.1999 9 (3), 324-329.

(17) Jhaveri, S.; Rajendran, M.; Ellington, A. Dlat. Biotechnol.200Q 18
(12), 1293-1297.

(18) Rajendran, M.; Ellington, A. DNucleic Acids Re2003 31 (19), 5700~
5713.

(19) Nutiu, R.; Li, Y.Angew. Chem., Int. EQ005 44 (7), 1061-1065.
(20) Lai, R.Y.; Lee, S.-H.; Soh, H. T.; Plaxco, K. W.; Heeger, ALdngmuir
2006 in press.

JA056957P

J. AM. CHEM. SOC. = VOL. 128, NO. 10, 2006 3139





