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Aptamers hold great promise for the biosensing of disease-relatedScheme 1. Operation of the Aptamer/Quantum-Dot-Based
proteins and for developing protein arrdysThese artificial nucleic ~ Dual-Analyte Biosensor, Involving Displacement of the Tagged
- . . . . . _Proteins by the Target Analytes?
acid ligands appear as attractive alternatives to antibodies owing
to their relative ease of isolation and modification, tailored binding
affinity, and resistance against denaturation. Optical or electro-
chemical aptamer biosensors based on enA/fieorophore’ or
nanoparticlé’ labels or on a binding-induced label-free detectidh

have been developed in recent years. These aptamer biosensors are (A)

single-analyte devices and offer detection limits down to the {:j?

nanomolar level. Multi-analyte aptamer-based devices, with lower {:} ﬁ %
detection limits, are highly desired for measuring a large panel of Thrombin Lysozyme

disease markers present at ultralow levels during early stages of Wash

the disease progress.

Herein, we present how one can use nanocrystal tracers for . {;ﬁ%
designing multi-analyte electrochemical aptamer biosensors with b ' J = J
subpicomolar (attomole) detection limits. Owing to their unique (‘"E'(""(‘"'(‘"'(ml("“("“(‘"‘(mi'(“(“"("““i(“
properties, quantum-dot (QD) semiconductor nanocrystals have
generated considerable interest for optical DNA deteciGtecent oAm HND’l
activity has demonstrated the utility of such inorganic nanoparticles @ crame &
for enhanced electrochemical detection of DNA hybridizatin, :@
for electrical coding of single nucleotide polymorphisms (SKP), Jl_ﬁ

and for electrochemical sandwich immunoassays of protésch ) ) )
2 (A) Mixed monolayer of thiolated aptamers on the gold substrate with

nanocrystals offer an electrodiverse population of electrical tags th ) ; ) ! -

. . ) . . e bound protein QD conjugates; (B) sample addition and displacement
as needed for multiplexed bioanalysis. Four encoding nanoparticlesf he tagged proteins; (C) dissolution of the remaining captured nanocrystals
(cadmium sulfide, zinc sulfide, copper sulfide, and lead sulfide) followed by their electrochemical-stripping detection at a coated glassy
were thus used to differentiate the signals of four DNA targets, carbon electrode. See Supporting Information for full details.

SNPs, or antigens in connection to stripping voltammetric measure-

ments of the corresponding metals. from the electrochemical stripping detection of the nanocrystal
The new multiple protein aptamer-based biosensing capability tracers is indicated from Figure 1A that displays typical voltam-

is coupled to the enormous amplification feature of nanoparticle- mograms for 0 (a), 100 (b), and 500 (c) ng'lof the thrombin

based electrochemical stripping measurentetisyield remarkably target. Distinctly smaller cadmium peaks, corresponding to the

low (attomole) detection limits. This is accomplished using a simple remaining fractions of the undisplaced nanocrystals, are observed

single-step displacement assay (Scheme 1), involving the co-in the presence of low concentrations of the target protein (b, c).

immobilization of several thiolated aptamers, along with binding The resulting calibration plot (shown in Figure 1B) is characteristic

of the corresponding QD-tagged proteins on a gold surface (A), of displacement assays, with a fast decrease of the peak current up

addition of the protein sample (B), and monitoring the displacement to 200 ng ! and a slower one thereafter. Analytically useful

through electrochemical detection of the remaining nanocrystals concentration dependence, extending from 20 to 500 1y is

(C). Such electronic transduction of aptamprotein interactions observed, along with a detection limit of 20 ng'(0.5 pM). Such

is extremely attractive for meeting the low power, size, and cost detection limit corresponds to 54.5 attomole (2 pg) in the 200

requirements of decentralized diagnostic systems. Unlike two-step sample. Accordingly, the new protocol allows assays of samples

sandwich assays used in early QD-based electronic hybridization with target concentrations that are-8 orders of magnitude lower

or immunoassay$ the new aptamer biosensor protocol relies on than those (£6.4 nM) obtained with the most advanced aptamer

a single-step displacement protocol. biosensors reported to d&te® A lower sensitivity was observed
Single-analyte sensing was used first to assess the sensitivityin an analogous competition assay (not shown). Unlike antibody-

and selectivity of the new device. The remarkable sensitivity accrued based displacement immunoassays that are inherently not seHfsitive,

aptamers offer great promise for sensitive displacement assays since

Iﬁgfﬁ&‘:g;?\fgrggvers“y- the tagged protein has a significantly lower affinity to the aptamer
§ Naval Research Laboratory. compared to the unmodified analyte.
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Figure 1. (A) Square-wave stripping voltammograms for different con-

centrations of thrombin: 0 (a), 100 (b), and 500 (c) ng.l(B) The resulting
calibration plot. (C) Assessment of the selectivity using nontarget proteins:
(a) control (no analyte or interference), (b) 2§ L~* BSA, and (c) 25g

L1 1gG. Dissolution of the QDs (conjugated to the undisplaced protein
molecules) was carried out by the addition of HN@OO«L, 0.1 M) and
sonication for 1 h. The resulting solution was transferredat1 mL
electrochemical cell containing 90 of acetate buffer (0.1 M, pH 4.6)
and 10 ppm mercury(ll). Electrochemical stripping detection proceeded after
1 min pretreatment at0.6 V, 2 min accumulation at1.2 V, and scanning

the potential t0—-0.25 V.
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Figure 2. Simultaneous bioelectronic detection of lysozyme and thrombin.
Square-wave stripping voltammograms obtained after additions of (A) O
ug L~1 protein, (B) 1ug Lt lysozyme, (C) 0.5g L~ thrombin, and (D)

a mixture of 1ug L=t lysozyme (a) and 0.Bg L~ thrombin (b). Conditions

as in Figure 1.

The remarkably high sensitivity reflects also the presence of
numerous nanocrystals per tagged protein molecule and the “built-
in” preconcentration of the electrochemical stripping transduction
mode. The extremely low detection limits are coupled with high
selectivity. Figure 1C shows voltammograms for a blank solution
(a), as well as for 2g L~! nontarget BSA (b) and IgG (c). Despite
their relatively high concentration, these proteins have no affect
upon the response (b and c vs a). Note, for comparison, the well
defined response observed in Figure 1A,b for a significantly (250-
fold) lower concentration of the thrombin target. Such attractive

behavior reflects the absence of nonspecific adsorption effects and

is attributed to the highly dense mixed monolayer on the gold
surface, including the blocking action of its hydrophilic 6-mercapto-
1-hexanol component. A series of six parallel measurements of
100 ng L=* thrombin yielded a relative standard deviation of 5%,
reflecting the reproducibility of the protocol.

Figure 2 demonstrates the ability of the biosensor to detect
simultaneously trace levels of multiple proteins. This is illustrated
for the dual-analyte detection of thrombin (a) or lysozyme (b) in

connection to CdS and PbS nanocrystal tracers, respectively, along

with co-immobilization of the corresponding aptamers (Scheme 1).

The position and size of the corresponding metal peaks reflect the
identity and concentration of the corresponding protein target. For
example, additions of trace levels of lysozyme or thrombin resulted
in substantial (75 and 60%) diminutions of the corresponding lead
and cadmium peaks (B and C, respectively, vs A). No apparent
change in the response of the second tag is observed, indicating
negligible cross interferences. In contrast, the simultaneous addition
of both proteins resulted in similar reductions of both metal peaks
(D). The cadmium and lead peaks are sharp and well resolved. Up
to five to six protein targets are thus expected to be measured
simultaneously in a single run, based on the number of nonover-
lapping metal peaks that can be accommodated within a potential
window of ca. 1.10 V. The concept can be further scaled up by
using a parallel high-throughput operation, with multiple microwells
carrying out simultaneous measurements.

In conclusion, the coupling of aptamers with the coding and
amplification features of inorganic nanocrystals was shown for the
first time to offer a highly sensitive and selective simultaneous
bioelectronic detection of several protein targets. While the concept
has been demonstrated for dual-analyte sensing, it could be readily
expanded for the simultaneous measurement of a large panel of
proteins. The high sensitivity of such a nanoparticle-based elec-
trochemical sensing protocol opens up the possibility of using
aptamers for detecting ultratrace levels of biomarkers that cannot
be measured by conventional methods and could lead to an early
detection of the disease. Given that aptamer-based electrochemical
sensors represent a relatively unexplored field, we expect many
exciting opportunities in future aptamer-based electrochemical
biosensors.
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