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Abstract

A novel aptamer-based biosensing assay for label-free protein detection and quantification by measuring the change in electrochemical
impedance upon protein—aptamer complex formation was demonstrated. Our process starts with a self-assembly of the DNA aptamer on a
microfabricated thin film gold electrode, followed by the recognition of the protein binding event via monitoring the interfacial electron transfer
resistance with electrochemical impedance spectroscopy. The thrombin binding aptamer (TBA) has high binding affinity and specificity to
its target protein and the impedance detection assay shows a reliable and sensitive quantification of thrombin with a detection range of four
orders of magnitude and a detection limit of 0.1 nM.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction as biosensors. Also, since aptamers are nucleic acids, the
work on developing DNA sensing assays will be applicable
The detection and quantification of proteins play essential to the development of the aptamer-based protein recogni-
roles in fundamental research as well as in clinical prac- tion assays. Currently, several nucleic acids aptamers-based
tice. To date, the antibody-based immunological assay arebiosensors for protein detection have been develppelB].
the most commonly used diagnostic formats, and methodsThe signal transduction approaches were mainly based on
used for protein detection are not as sensitive and specificthe quartz crystal microbalance (QCK®),7], surface plas-
as methods for detection of specific nucleic acids sequencesmon resonance (SPRJ], fluorescence approa¢@—14]or
Aptamers, which are DNA or RNA molecules isolated from other optical methodfl5,16]. Until now, very few studies
random-sequence nucleic acids libraries by “in vitro selec- have reported the electrochemistry methods for the transduc-
tion” [1,2], have been shown to be useful for the detection tion of the protein recognition events on electrode surfaces
of protein analytes and can rival antibodies in diagnostic [17,18]
application. In this regard, numerous aptamers have been In this work, we report a novel aptamer linked biosensor
created for a broad range of proteif. As an alterna-  that can detect and differentiate label-free proteins by mea-
tive to antibodies, aptamers bind targets with affinity and suring the electrochemical impedance of the protein—aptamer
specificity comparable to those of monoclonal antibodies. complex. This approach for the protein detection inher-
Moreover, they have several inherent advantages over anti-its the merit of electrochemistry-based genosensor for the
bodies such as longer shelf-life, resistant to denaturation DNA detection[19—22] and addresses the issues of defold-
and degradation and can be more readily engineered for useng/denaturation of protein detection on a solid surface. Our
process starts with the self-assembly of the DNA aptamer,
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recognition of the formation of aptamer—protein complex via were plotted in the form of complex plane diagram (Nyquist

monitoring the changes in interfacial electron transfer resis- plots). The experimental impedance data were simulated

tance Rey) of electrochemical impedance spectroscopy. using electronic equivalent circuits. A typical shape of a
faradaic impedance spectrum includes a semicircle region
lying on theZ-axis followed by a straight line. The semicir-

2. Experimental cle portion, observed at higher frequencies, corresponds to
the electron-transfer-limited process, whereas the linear part

Two HPLC purified oligonucleotides were purchased is characteristics of the lower frequency range and represents
from Invitrogen (Carlsbad, CA): thrombin binding aptamer the diffusion-limited electron-transfer process. The semicir-
(TBA) of 5'-thiol-TTT TTT GGT TGG TGT GGT TGG- cle diameter equals the electron transfer resistatgeT his
3’; a scrambled sequence ofthiol-TTT TTT GGT GGT resistance controls the electron-transfer kinetics of the redox-
TGT TGT GGT-3. Sodium phosphate monobasic, sodium probe at the electrode interface; its value is extracted from the
phosphate dibasic, sodium chloride, potassium chloride, respective computer simulated spectra and taken as measure-
magnesium chloride, mercapto-hexanol, and hexanol werement signal.
purchased from Aldrich (Milwaukee, WI). Thrombin from
human plasma (EC3.4.21.5), bovine serum albumin (BSA),
and hemoglobin were obtained from Sigma (St. Louis, MO). 3. Results and discussion
The electrochemical system comprised a working electrode
of gold-coated glass (Corning 7059, Corning Incorporated,  In this paper, thrombin, a critical enzyme in the blood
Danville, VA, USA), a Ag/AgClI reference electrode (3M  coagulation system with a well-established aptamer struc-
Nacl filling solution saturated with AgCI, EG&G, Prince- ture from SELEX[23,24] was chosen as a target protein to
ton Applied Research, Oak Ridge, TN), and a platinum wire demonstrate our strategy. The core sequence of this aptamer is
counter electrode. The 250 nm Au layer was patterned with 5-GGT TGG TGT GGT TGG. In phosphate buffer solution
standard photolithographic and wet chemical etching pro- containing potassium ions, this aptamer folds into a chair-
cesses to define the active sensing area (1_275mm like structure with two G-tetrad stacks by two TT loops and a

The working Au electrode was treated with a solution single TGT loop. The formation of the quadruplex structure
containing 5< 10-°M of TBA or the scrambled sequence plays an important role in binding to thromd@6]. In order
in 0.1M PBS buffer (phosphate buffer containing 10mM  toimmobilize the aptamer probe on the gold electrode surface
NaCl, 5mM KCI, 1mM MgCh, pH 7.4) for 12h. Proper  with areduced hindrance effect, an active end thiol group and
folding of the aptamer has been provided by heating the the six additional nucleotides {T'spacer was modified to the
solution to 90°C for 3 min and then cooling by immersion  5-end of the 15-mer DNA aptamer. The electrochemistry-
into the ice bath. After washing with the PB®uffer, the based detection strategy is outlined fiig. 1, where the
DNA-functionalized Au-surface was treated with mercapto- thiolated TBA was self-assembled as amonolayer on a micro-
hexanol (1x 10~3M in hexanol) for 1h to yield the DNA  fabricated Au electrode surface. Unreacted surface sites on
assembly on the electrode surface. The resulting monolayerthe electrode were further blocked by mercapto-hexanol.
functionalized electrode was incubated 20 min with the The surface coverage of TBA is determined by the electro-
protein analyte (thrombin, various concentrations in 0.1 M chemical method described by Tarlov and co-workee
PBS' buffer) for protein—aptamer interaction. As in control and it corresponds to a value of 6:5.0-12mol/cr?. The
experiments, the TBA-functionalized electrode was treated resulting monolayer-functionalized electrode was allowed
with non-specific target BSA (0.5 mg mt), or hemoglobin  to interact with the thrombin analytdsig. 2 shows the
(0.1 mgmLY) for the same period of time. The electrode
was rinsed with 0.1 M PBSbuffer and applied for the elec-
trochemical measurements.

The electrochemical measurements were performed by
using an Autolab PGSTAT electrochemical impedance ana-
lyzer and potentiostat/galvanostat (Eco Chemie, The Nether-
lands) connected to a computer (Eco Chemie software: Fre-
quency Response Analyser (FRA 4.9) and General Pur-
pose Electrochemical System (GPES 4.9) for impedance
and cyclic voltammetry, respectively). All the impedance
measurements were performed in 10 mM NaCl/0.1 M phos-
phate buffer solution, pH 7.0, in the presence of 10 mM g
K3[Fe(CN)]/K 4[Fe(CNX] (1:1 mixture) as a redox probe, !
at room temperature. The measurements were performed IIﬂ|:ig. 1. Label-free electrochemical sensing of thrombin using thrombin

the freql{ency range of 1.0Hz to 100 kHZ and upon biasing pinding aptamer (TBA) functionalized gold electrode and electrochemical
the working electrode af =0.19 V. The impedance spectra impedance spectroscopy as a means of transduction.

Thrombin
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Fig. 2. Impedance spectra (Nyquist plofsy, imaginary impedanceZe

real impedance) of (a) bare microfabricated Au electrode, (b) TBA-
functionalized Au electrode after blocking with mercapto-hexanol (1.0 mM;
60 min) and (c) after interaction with the protein analyte, thrombin (con-
centration 1.QuM, 20 min). Inset: impedance spectra of (a) the bare Au
electrode. All measurements were performed using 1.275 famelec-
trodes in a 0.1 M phosphate buffer (pH 7.2 with 20 mM NaCl) containing
10 mM [Fe(CN}]3~/[Fe(CNX]*~ (1:1 mixture); bias potential 0.19V vs.
Ag/AgCl, frequency range 1.0 Hz to 100 kHz, alternate voltage 5 mV.

impedance spectra (in the form of a Nyquist plgt, ver-
susZe) using [Fe(CN3]3~/[Fe(CN)]*~ as the redox-probe,
observed upon the assembly of the TBA monolayer on the
electrode (curve b), and reaction with the target thrombin
(bulk concentration 1.4M, curve c). The experimental elec-
trochemical impedance spectra were fitted by the computer
simulated spectra using an electronic circuit based on the
Randles and Ershler theoretical mod2¥]. This equiva-
lent circuit includes the ohmic resistance of the electrolyte
solution, Rs, the Warburg impedancey, resulting from

the diffusion of the redox-probe, the double-layer capaci-
tance Cq|, and the electron-transfer resistarka&, The latter

two componentsCq and Ret, represent interfacial proper-
ties of the electrode, which is highly sensitive to the sur-
face modification. When a non-homogeneous surface layer
exists, constant phase element (CPE, CREXjw)~") can

be introduced into the circuit instead of a capacitance. The
CPE becomes equal to tligy whenn=1. The experimen-

tal electrochemical impedance spectra can be well fitted with
equivalent electronic circuiRs(CPE[RetZy])) including Rs,

Zy, CPE anRet. The bare Au electrode exhibits a very small
semicircle domain, suggesting a very low electron-transfer
resistance to the redox probe dissolved in the electrolyte solu-
tion (inset figure). The assembly of the TBA monolayer onto
the electrode supportincreaggsto 25.0 K2 (curve b). This
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Fig. 3. Binding specificity of the aptamer to its protein target. (A) Compar-
ison of the change of the electron-transfer resistankgd &t the TBA-
monolayer functionalized electrode upon exposure to thrombin, bovine
serum albumin (BSA), and hemoglobin. (B) A scrambled sequence also
tested for its interaction with thrombin. The impedance measurement condi-
tions as irFig. 2 Error bars show the errors of the response of three different
electrodes at the same protein concentration.

analyte, the formation of the TBA—thrombin complex on the
electrode surface contributes to the large increasg.ofo
63 k2 (curve c). This is consistent with the fact that the
resistive hydrophobic layer of protein molecules insulates
the conductive support and perturbs the interfacial electron
transfer between the electrode and the electroactive species
in solution.

The binding affinity/specificity between the aptamer and
the protein target determines the increas®gf As can be
seen fromFig. 3A, the increase oRg; for the bound com-

is attributed to the electrostatic repulsion between negative plex of human thrombin and its specific aptamer (TBA) is
charges of the DNA aptamer backbone and the redox probe,most obvious, while the change of resistance is minimal for
[Fe(CN)X]3~/[Fe(CNX]*~, which results in a barrier for the  other proteins (BSA or hemoglobin) and TBA. Similarly,

interfacial electron transfer. After incubation with thrombin the interaction between the thrombin and the DNA probe
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Fig. 4. Change of the electron-transfer resistandes) (at the TBA-
monolayer functionalized electrode upon the analysis of different concentra-
tion of the thrombinR; data are extracted from the corresponding Nyquist
diagrams. Other conditions as fig. 2 Error bars represent the standard
deviation of three measurements for each concentration of thrombin.

with scrambled sequences{BGT GGT TGT TGT GGT)
leads to a minimal change & (Fig. 3B). This suggests
that the unique quadruplex structure formed by the thrombin-
specific aptamer sequence is required for the highly affinitive
thrombin binding, as previously revealed by NMR and X-ray
diffraction studieg23,25,28-30]

To ensure this detection platform can be used for detecting

diluted protein samples, impedance responses with different

thrombin concentrations (10M-1.0 pM) are studied. As the
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protein biosensor that out-rivals the counterpart utilizing the
antigen and antibody.
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