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ABSTRACT

We developed a label-free and reagent-less potentiometric biosensor with improved affinity for
thrombin. Two different oligomeric DNA aptamers that can recognize different epitopes in thrombin
were introduced in parallel or serial manners on the sensing surface to capture the target via multiple
contacts as found in many biological systems. The spacer and linker in the aptamer probes were opti-
mized for exerting the best performance in molecular recognition. To gain the specificity of the sensor to
the target, an antifouling molecule, sulfobeaine-3-undecanethiol (SB), was introduced on the sensor to
form a self-assembled monolayer (SAM). Surface characterization revealed that the aptamer probe
density was comparable to the distance of the two epitopes in thrombin, while the backfilling SB SAM
was tightly aligned on the surface to resist nonspecific adsorption. The apparent binding parameters
were obtained by thrombin sensing in potentiometry using the 1:1 Langmuir adsorption model, showing
the improved dissociation constants (Ky) with the limit of detection of 5.5 nM on the dual aptamer-
immobilized surfaces compared with single aptamer-immobilized ones. A fine control of spacer and
linker length in the aptamer ligand was essential to realize the multivalent binding of thrombin on the
sensor surface. The findings reported herein are effective for improving the sensitivity of potentiometric

biosensor in an affordable way towards detection of tiny amount of biomolecules.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Label-free electrical biosensing using a field-effect transistor
(FET) and ion-sensitive FET (ISFET) is a powerful technique for
detecting biomolecules and biochemical reactions in ampero-
metric, potentiometric, and capacitive formats (Bergveld, 2003;
Goda et al., 2015; Lee et al., 2009; Matsumoto et al., 2009; Palazzo
et al., 2015; Poghossian et al., 2005; Schoning and Poghossian,
2006). The fabrication of FET biosensor is compatible to the
complementary metal oxide semiconductor (CMOS) process
(Graham et al., 2011) so that it is straightforward to downsizing,
high integration, and low-cost production for providing a new
modality for home healthcare and decentralized diagnosis by
realizing miniaturized and easy-to-operate type of devices. A key
issue for measuring biomolecules underlies the development of
functional bio-interface which shows a high affinity and selectivity

* Corresponding authors.
E-mail addresses: goda.bsr@tmd.ac.jp (T. Goda),
miyahara.bsr@tmd.ac.jp (Y. Miyahara).

http://dx.doi.org/10.1016/j.bios.2015.05.067
0956-5663/© 2015 Elsevier B.V. All rights reserved.

to an analyte on the gate surface in contact with a biological
sample. So far, a range of ligands and receptors from natural and
synthetic origins has been employed on the gate electrode to show
an affinity to a target molecule. The recognition event should oc-
cur within the electrical double layer at the electrode-solution
interface since the transducing mechanism is based on the field
effect, namely the electrostatic interaction of carriers in the
semiconductor (i.e., electrons or holes) with innate charges of
biomolecule as an analyte. Charges of target molecule located
outside the double layer are screened by mobile counterions in an
electrolyte solution. The characteristic screening length (i.e., the
solution Debye length) results in less than one nanometers under
physiological ionic strengths, meaning that an antibody as a gen-
eral ligand in immunoassays for proteins may not be used in a
physiologically relevant ionic strength for the charge detection
system due to its relatively large size of tens nanometers (Bukar
et al.,, 2014; Stern et al., 2007b). Therefore, most of the field effect-
based immunosensors are operated at low salt concentrations of
typically less than 1 mM (Elfstrom et al., 2008; Im et al., 2007; Kim
et al., 2010; Lin et al., 2010; Stern et al., 20073, 2010; Tang et al.,
2009; Zheng et al., 2005). A fragmented antibody may be


www.sciencedirect.com/science/journal/09565663
www.elsevier.com/locate/bios
http://dx.doi.org/10.1016/j.bios.2015.05.067
http://dx.doi.org/10.1016/j.bios.2015.05.067
http://dx.doi.org/10.1016/j.bios.2015.05.067
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2015.05.067&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2015.05.067&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2015.05.067&domain=pdf
mailto:goda.bsr@tmd.ac.jp
mailto:miyahara.bsr@tmd.ac.jp
http://dx.doi.org/10.1016/j.bios.2015.05.067

T. Goda et al. / Biosensors and Bioelectronics 73 (2015) 174-180 175

alternatively used as a small capturing element (Elnathan et al.,
2012; Kim et al., 2008b), but they generally impose reduced
binding affinity and selectivity.

Aptamer is a new class of molecular recognition element
composed of a selected short sequence of peptides or nucleic acids
by screening through the process called systematic evolution of
ligands by exponential enrichment (SELEX) (Darmostuk et al., in
press; Stoltenburg et al., 2007). The engineered aptamer is an al-
ternative to antibody with advanced features on chemical and
thermal stability, equal quality, and ease of structural design and
chemical modification (Famulok and Mayer, 2011; Li et al., 2010;
Palchetti and Mascini, 2012; Zhou et al., 2010). Importantly, its
small size of a few nanometers comparable to the thickness of
electrical double layer allows the target recognition event close to
the gate surface without shielding the charges by mobile coun-
terions (Goda and Miyahara, 20123, 2013; Lee et al., 2008). Recent
developments have realized the discovery of many aptamers
showing the excellent affinity in terms of the dissociation constant
(Kq) at subnanomolar or nanomolar levels for various target spe-
cies (Jayasena, 1999; Taylor et al., 2014). Nevertheless, the binding
ability is generally superior in antibody to aptamer.

In parallel to the continuous challenges in exploring better
aptamers, an effort should be made for developing known apta-
mer-based interface with improved affinity to allow ultrasensitive
biosensing towards early cancer diagnosis and single molecule
detection. In biological systems, multivalent interactions are in-
volved for producing a high affinity in molecular recognition
(Mammen et al., 1998). Learning from nature, we designed bio-
interfaces to capture protein via cooperative interactions using
existing anti-protein aptamers targeting different epitopes. The
use of different aptamer sequences for targeting different binding
sites in single analyte is feasible since the SELEX process can pick
up several candidate sequences at a time (Darmostuk et al., in
press; Stoltenburg et al., 2007). In a model study, we demonstrated
the concept through the interaction between thrombin and anti-
thrombin aptamers. Thrombin is a serine protease pro-coagulant
factor by converting soluble fibrinogen to insoluble fibrin that
agglutinates platelets at the site of tissue injury. Thrombin is re-
cognized as a biomarker for several diseases because thrombin is a
critical mediator of coagulation, inflammation, and angiogenesis,
leading to the development of atherosclerosis, progression of
cancer, and growth of tumor (Borissoff et al., 2009; Nierodzik and
Karpatkin, 2006). Due to the importance of clinical diagnostics of
thrombin, researchers have employed many sensing techniques
including electrochemistry (Wang et al., 2009), impedance spec-
troscopy (Loo et al., 2012), electrochemiluminescence (Jie and
Yuan, 2012), colorimetry (Liang et al., 2011), fluorescent spectro-
scopy (Kong et al., 2013), surface plasmon resonance (Jalit et al.,
2013), and so on. Here, we performed a fine control of molecular
structure of the aptamers to investigate the factors that may fa-
cilitate the multivalent binding such as immobilization format and
spacer/linker lengths. Possibility and limitation are discussed in
developing a dual aptamer-based nanointerface for improved af-
finity through bivalent attachments in the FET-based potentio-
metric biosensing.

2. Materials and method
2.1. Materials

Thrombin from human plasma was obtained from Calbiochem
(Merck Millipore, Billerica, MA, USA). Thrombin-binding DNA ap-
tamers with 5’-SH-(CH,)s-functionalization were purchased from
Tukuba Oligo Services (Tsukuba, Ibaraki, Japan). Sulfobetaine-3-
undecanethiol (SB) was obtained from Dojindo (Mashiki,

Kumamoto, Japan). All the other reagents with extra pure grades
were from commercial sources and were used without further
purifications. Screen-printed 10-channel gold microelectrode with
500 pm in diameter was formed on a glass-epoxy resin chip and
the remaining wiring circuit on the chip was insulated by coating
with a SU-8 photoresist.

2.2. Self-assembled monolayer (SAM) formation

The thiol-modified DNA aptamers (2 or 10 pM in final con-
centration) were immobilized on a 10-channel gold microelec-
trode array in a reaction buffer (10 mM Tris(hydroxymethyl)ami-
nomethane-hydrochloride (Tris-HCl), 100 mM KCl, 100 mM NacCl,
10 mM CaCl,, 10 mM MgCl,, and 1 mM Tris(2-carboxyethyl)phos-
phine hydrochloride (TCEP)) for overnight, followed by rinse with
water. The remaining gold surface was backfilled by immersing in
1 mM SB aqueous solution containing 1 mM TCEP, followed by
rinse with water. The modified electrodes were kept dry in dark at
4 °C until use. The SAM film on the electrode was stable during the
measurement for several hours or under the storage in a deox-
idized environment for at least one week.

2.3. Electrochemical measurements

Cyclic voltammetry (CV) and chronocoulometry (CC) were per-
formed using an Autolab PGSTAT302 Potentiostat (Metrohm, Herisau,
Switzerland). A planar gold thin-film modified with SAM as a working
electrode, a platinum wire (=1 mm) as a counter electrode, a silver/
silver chloride wire as a reference electrode in 3.3 M KCI solution with
a salt bridge were used. CV scans were performed from —0.1 to
—1.3V at the scan rate of 0.5 V/s in degassed 0.5 M potassium hy-
droxide solution. CC was conducted in 1 mM Tris-HCl buffer (pH 8.0)
with and without 50 pM hexamine ruthenium(Ill) chloride (RuHex)
under the double potential step from 0 V to— 0.5 V (for one second) to
oV.

2.4. Potentiometry

The potentiometric response of the SAM-functionalized gold
electrode as a function of varying thrombin concentration was
determined using a high-input impedance electrometer (Keythley
6517B, Cleveland, OH, USA) at no DC bias voltage versus the Ag/
AgCl (in 3.3 M KCI solution with a salt bridge) reference electrode.
Electrolyte composition of measurement buffer (pH 8.2) was
10 mM Tris-HCl, 5 mM KCl, 3 mM NaCl, 1 mM CaCl, and 1 mM
MgCl,. For measurements at pH 6.0, 10 mM 2-(N-morpholino)
ethanesulfonic acid (MES) was used instead of 10 mM Tris-HCI.
Aptamers immobilized on the electrode were denatured at 100 °C
in the measurement buffers and then were annealed by cooling
down to 25 °C, followed by incubation for overnight. The potential
of 10-channel working electrodes were stabilized for initial
150 min in the measurement buffer, thereafter the potentials were
recorded by increasing thrombin concentrations (0-1300 nM) for
each 10 min at 25 °C. Data were represented as mean + standard
deviation (SD) from three sets of the 10-channel microelectrode
measurements. The limit of detection (LOD) was based on 3 SD.
Sensor stability was evaluated by relative standard deviation
(RSD) in percent from a dataset of the 10-channel microelectrode
measurements.

2.5. Apparent binding constant

Binding parameters such as the apparent binding constant (K;)
of thrombin onto the SAM-modified surface were determined by
fitting the potentiometric signals as a function of thrombin con-
centration using 1:1 Langmuir adsorption model. Reproducibility
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of the binding constants from each dataset of 10-channel micro-
electrode measurements was evaluated by %RSD of three in-
dependent assays.

3. Results and discussion
3.1. Preparation and characterization of multicomponent SAMs

We designed bio-interface with two different known aptamer
sequences for thrombin recognition via multiple binding; the first
is the “Bock” aptamer 5'-GGT TGG TGT GGT TGG-3’ which interacts
with fibrinogen-binding site, and the second is the “Tasset” apta-
mer 5-AGT CCG TGG TAG GGC AGG TTG GGG TGA CT-3' which
recognizes heparin-binding site (Fig. 1) (Bock et al., 1992; Tasset
et al., 1997). The 5’-end of these aptamers was functionalized with
hexanethiol moiety with repeating thymine sequences (5'-SH-
(CHy)6-Tiy-, m=3, 6, or 9) as a functional spacer to allow covalent
contact onto a gold substrate with an increased freedom of mo-
bility for surface-immobilized aptamers. Moreover, we designed
the aptamers with a serial connection of Bock and Tasset se-
quences via repeating thymine sequences as an intramolecular
linker (5’-SH-(CH5)s-T;n-[Boc]-T,-[Tas]-3’, n=0, 5, or 10) to render
multiple binding sites for thrombin on a single aptamer chain.
Since the epitopes for Bock and Tasset aptamers are 3.4 nm apart
in the thrombin molecule (Hasegawa et al., 2008), we optimized
the spacer and linker lengths for achieving the bivalent contacts
between the ligands and thrombin. The grafting of the macro-
molecular aptamers onto the substrate cannot fully cover the
surface due to the excluded volume effect by the aptamer chains
themselves. Therefore, the remaining surface was backfilled with
SB for making the mixed SAM in the second step, whose zwitter-
ionic sulfobetaine end-group dramatically reduces nonspecific
adsorption of biomolecules (Holmlin et al., 2001; Smith et al,,
2012). Preparation of an anti-fouling surface is critical for label-
free technologies to obtain a specific signal. The introduction of
SAM also helps to decrease the electrical capacitance at the in-
terface (Ci,), thereby increasing the potentiometric signal (AV)
from a direct readout of net-charges of captured biomolecules
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Fig. 2. Surface characterization by electrochemical methods. (a) A representative
chronocoulometric curves for Tg-Boc/To-Tas surface with and without RuHex.
(b) Cyclic voltammograms for To-Boc/Te-Tas surface.
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Fig. 1. A schematic illustration of electrical thrombin sensing using dual aptamer surfaces for improving the affinity by introducing multiple binding contacts between the
aptamers and thrombin under optimal spacer and linker lengths at the nanointerface. Oligo DNA aptamers are small whose dimensions are comparable to the thickness of
electrical double layer to perform direct electrical readout of net-charges of thrombin in potentiometry. The label-free technique requires a specific target recognition by
suppressing nonspecific adsorption through the antifouling SB SAM. WE: working electrode, RE: reference electrode.
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(AQ) based on the following equation; (Goda and Miyahara, 2013).
AV = AQ/Cy M

For sample nomenclature, we used “T,;-Boc/T,,,-Tas” and “T,,,-Boc-
T,-Tas” for the SB SAM surfaces modified with two-component apta-
mers and the serially connected aptamer with different spacer and
linker lengths, respectively. For control experiments, we prepared
single aptamer surfaces referred as “T,,-Boc” and “T,,-Tas”.

The surface density of the immobilized DNA aptamers (/ pya) in
the mixed SAM was determined by chronocoulometry (CC) using a
cationic redox marker RuHex (Fig. 2a) (Steel et al., 1998). The de-
tection principle is based on the difference in the redox signal
appeared as a y-intercept value in the semilogarithmic chron-
ocoulometric graph under the conditions with and without RuHex
(AQcc). Because the number of adsorbed RuHex molecules is
electrostatically stoichiometric (1:3) to that of the DNA unit (m) in
the aptamer at the electrode-solution interface as shown in the
following equation;

Tpna = (AQccNa[FA)3[m) 2)

where F, A, and N, represent Faraday's constant, geometric elec-
trode surface area, and Avogadro's number, respectively. An overall
average I pna Was 0.041+0.016 and 0.040 + 0.016 chain/nm? at
10 pM and 2 pM DNA aptamers in the immobilization solutions
respectively (Tables 1 and S1). Thus, an average lateral distance of
aptamer chain was calculated to be 5.3 + 1.2 nm. The concentra-
tion-independent surface density indicates the limit of congestion
for macromolecular DNA aptamers (M,,=5.6-18 kDa) by the ex-
cluded volume effect under the situation of molecular crowding on
a planar surface. This effect is explained by a scaling law of the
radius of gyration (R,) for graft aptamer in a good solvent as
(Smith et al., 1996);

Rg~M," 3

In fact, the average lateral distance was proportional to the
number of DNA bases (Fig. S1). As a result of the effect, as well as
the electrostatic repulsion between the anionic aptamers, the
average distance of ligand in dual aptamer surface was longer than
that of binding epitopes (3.4 nm) in the thrombin by 1.9 nm (Ha-
segawa et al., 2008).

The SAM density was determined from the reduction peak area

Table 1

(Qsam) of gold-thiol bond at —0.95 V versus the Ag/AgCl reference
electrode at the first scan in cyclic voltammetry (CV) (Fig. 2b)
using the following equation (Yang et al., 1996):

Tsam = QsamlNa/FA “4)

The SAM density for each condition is summarized in Table S1.
An average SAM density among the conditions investigated was
4.9 + 0.4 chains/nm?, in agreement with a theoretically maximum
surface coverage of thiol compounds on Au(111) surface (Fig. S2)
(Poirier and Tarlov, 1994). Therefore, an average molecular dis-
tance in SAM was 4.5 + 0.2 A so that the degree of SAM crowding
was high by comparing the size of thrombin (8.8 x 6.8 x 6.1 nm?)
(Bode et al., 1989). Dramatic decreases in the reduction peak in the
second and third scans of CV indicate an irreversible detachment
of the tightly packed SB SAM under the CV measurement
condition.

3.2. Potentiometric thrombin sensing using dual aptamer surfaces

We measured cumulative dose-response curves for the binding
of thrombin onto the SAM containing dual aptamers using real-
time label-free potentiometry (Fig. 3). The aptamers-modified
working electrode was connected to the gate of FET in an elec-
trometer (Fig. 1). Potentiometry detects local net-charges of the
captured protein in the small sensing depth (the solution Debye
length; x~ ') compared with the size of protein due to the charge
screening effect by counterions. The solution Debye length was
calculated to be about 2.1 nm in the measurement buffers as fol-
lows;

K= (ereokBT/Znizzez)Uz

where ¢€,, €, kgT, n;, z, and e represent the relative dielectric
constant, the vacuum permittivity, the Boltzmann energy, ion
concentration, ion valence, and elementary charge, respectively.
The length was almost equivalent to the dimension of Bock apta-
mer (~2.2 nm) as determined from protein data bank (PDB, 1THAO)
using PyMOL software (Fig. S3), suggesting a direct electrical
readout of thrombin charges on recognition. Potential change
depends on orientation and conformation of protein on the
electrode surface because intrinsic charges of protein are hetero-
geneously distributed on the surface (Goda et al., 2012; Goda and

A summary of aptamer probe distance (at 2 uM), binding constants (K and AV,,,.x), and the limit of detection (LOD) for potentiometric thrombin sensing using the aptamer-
modified SB SAM surfaces at pH 8.2 and pH 6.0. The top three values are highlighted in bold.

Entry Aptamer distance, nm pH 8.2 pH 6.0
Kq, nM AVingy, mV LOD, nM Kq, nM AVinax, mV LOD, nM

T;-Boc/T5-Tas 5.1 670 + 400 6.9+15 83 84+10 41+10 17
Ts-Boc/Tg-Tas 4.9 500 + 150 55+3.7 80 60 + 34 18+ 14 5.5
T;-Boc/To-Tas 5.8 510 +280 78+0.7 33 41 +32 11+73 8.6
Te-Boc/T5-Tas 4.7 460 + 220 55+44 71 62 +34 19+ 13 15
Te-Boc/Te-Tas 3.9 670 + 460 6.1+14 87 47 +20 19+ 13 6.3
Te-Boc/To-Tas 6.1 650 + 250 82+29 71 60+ 11 21+12 14
To-Boc/T5-Tas 53 610 +260 8.8+2.5 43 56+3.3 16 +5.1 14
To-Boc/Te-Tas 5.2 400 + 190 6.4+0.9 45 67 +4.4 18 +4.2 15
To-Boc/To-Tas 5.1 370 + 71 86+ 11 36 63423 20+ 8.0 9.8
Ts-Boc-Tp-Tas 6.5 500 + 110 53+29 46 68 + 13 36+ 1.0 21
T;-Boc-Ts-Tas 7.9 390 + 290 72+6.7 68 63 +25 26 +8.2 20
Ts-Boc-Tyo-Tas 83 510 + 84 9.5+0.9 39 54+4.7 18+ 12 20
Te-Boc-Ts-Tas 5.5 520 + 120 31+£26 120 78 + 18 28+ 13 13
To-Boc-Ts-Tas 5.9 450 + 170 7.8+3.0 41 58 +24 33+25 20
Ts-Boc 3.6 520 + 400 57+35 87 60 + 7.9 13+6.6 1
Te-Boc 4.7 430+ 130 93+23 22 89+34 28 + 15 13
To-Boc 4.8 440 + 44 92 +51 32 56+ 1.8 16 +5.8 7.7
Ts-Tas 3.9 550 +93 95+13 44 66 + 30 30+74 1
Te-Tas 4.7 500 + 280 8.6+2.6 26 67 +8.0 21+5.7 15
To-Tas 4.6 480 + 130 61+43 43 66 + 22 18+11 16
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Fig. 3. Representative data on potentiometric biosensing of thrombin using the To-
Boc/To-Tas aptamer-modified surface. (a) Real-time changes in the potential versus
the Ag/AgCl reference electrode during the periods of signal stabilization (0-
150 min) and thrombin titration (150-230 min) at pH 8.2 using a 10-channel gold
microelectrode array. (b-c) Potential shifts as a function of bulk thrombin con-
centration on the aptamer-modified SB SAM and SB-only SAM surfaces at pH 8.2
(b) and pH 6.0 (c), respectively. Data were obtained by baseline calibration of the
time-course of potential. n=10, average + SD. RSD of the potentiometric signals
was 11.8% and 5.0% at pH 8.2 and 6.0, respectively.

Miyahara, 2010, 2012b). Positive potential changes are attributed
to positive charge density changes as a result of the binding of
positively charged domain in thrombin onto the surface-immobi-
lized aptamer within the electrical double layer as described in Eq.
(1). In fact, the structural analysis of the thrombin-aptamer
complex (PDB: 1HAO) using the eF-site software indicates a
preferential arrangement of the positive domains as the epitope
for anionic DNA aptamer (Kinoshita and Nakamura, 2005). The
potential changes were more pronounced at pH 6.0 as compared

with pH 8.2, due to the protonation of thrombin in the acidic
environment (Fig. 3). A simple estimation of net-charges as a
molecule from the sequences of light and heavy chains of
thrombin using the protein calculator (Sillero and Maldonado,
2006) resulted in a dramatic increase in the overall valence
number of +7.7 at pH 6.0 as compared with that of —0.2 at pH
8.2. The potential changes were small in control measurements of
the binding assay on the electrode modified with the SB-only SAM
(without aptamers) because of the lack of specific binding of
thrombin onto the SB SAM. The sensitivity was +5.2 mV/log
[thrombin] and +24.4 mV/log[thrombin] in the linear response
regime in the semilogarithmic plots for the To-Boc/To-Tas surface
at pH 8.2 and pH 6.0, respectively. The stability and reproducibility
of potential from the 10-channel microelectrode were determined
as RSD=11.8% and 5.0% for To-Boc/Te-Tas surface at pH 8.2 and 6.0,
respectively.

To estimate the apparent binding affinity of thrombin on the
dual aptamer surfaces, we analyzed the potentiometric data using
the 1:1 Langmuir adsorption model. Since the surface charge
density change (AQ) is proportional to the amount of captured
biomolecule (Am) as derived from Eq. (1); (Goda et al., 2012; Goda
and Miyahara, 2010, 2012b).

AVyy = AQ[G = qAm|[C 5)

where AVyyr is the differential potentials obtained from the con-
ditions with and without aptamers and q is the induced effective
charge from single protein captured within the electrical double
layer, respectively. Therefore, AVg can be described as a function
of bulk thrombin concentration ([C]) from the Langmuir adsorp-
tion model using the apparent binding constant K as;

AV = [C1AV,0/(IC] + Ky) (6)
or
AV = (Kl AVygJICT " + 1/ AV %)

Fig. 4 displays the results of curve fitting by least squares
method from either Egs. (6) or (7) to determine Ky and V4. The
apparent Ky was lower in the fitting using Eq. (7) by up to 10-fold
as compared with Eq. (6) by primarily reflecting AV~ ! values at
low [C] in the case of Eq. (7) (Table S2). However, the reproduced
Langmuir isotherm from the binding parameters did not fit well
with the experimental data at high [C]. Therefore, we used the
parameters from direct curve fitting of the data using Eq. (6).

The fitting parameters for each condition are summarized in
Table 1. For the dual aptamer surfaces at pH 8.2, K, hit the lowest
values for “To-Boc/Tg-Tas”, “To-Boc/Tg-Tas”, and “Ts-Boc-Ts-Tas”.
These K; values were lower than those on the single aptamer
surfaces. AV,qx Was slightly decreased in most of the dual aptamer
surfaces compared with the single aptamer surfaces. The improved
Ky and decreased AV, suggest the occurrence of bivalent bind-
ing of thrombin by occupying the two aptamers on the two-
component aptamer-modified surfaces. Among the dual aptamer
surfaces, the longer thymine length for spacer and linker up to Ty
yielded higher AV,,q. The binding parameters showed great im-
provements at pH 6.0, indicating a dominant effect of Coulombic
forces for the affinity of aptamer-thrombin complex. K, decreased
by increasing the spacer lengths among the two-component ap-
tamer surfaces. K4 was the best on the “T3-Boc/To-Tas”, “Tg-Boc/Ts-
Tas” and “Ts-Boc-Tip-Tas” surfaces. AV,,.x was the highest on the
dual aptamer surfaces (“T3-Boc/Ts-Tas”, “T3-Boc-Tp-Tas” and “Tg-
Boc-Ts-Tas”). The LOD reached 5.5 nM at pH 6.0. Performance of
the dual aptamer-based potentiometric biosensor in terms of LOD
was comparable to existing aptamer-based label-free techniques
including surface plasmon resonance (Jalit et al., 2013; Kim et al.,
2008a; Shevchenko et al., 2011), organic FET biosensor (Hammock
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Fig. 4. Representative data on the curve fittings of thrombin signal from po-
tentiometry on the To-Boc/To-Tas aptamer-modified surface at pH 8.2 for de-
termining the binding parameters: K4 and AV,,q. (a) Comparison of direct curve
fitting of the signals by Eq. (6) with the represented curve from the fitting para-
meters obtained by the method as shown in (b) using Eq. (6). Plots were shown in
average + SD from single trial dataset (n=10). RSD of K; and AV, from three
independent trials was 19% and 13%, respectively. (b) The result of linear fitting of
the signal using Eq. (7). RSD of Kz and AV,,,.x from three independent trials was 34%
and 21%, respectively.

et al., 2013), and fluorescent aptasensor (Kong et al., 2013). Al-
though some amplification-based or reagent-contained techniques
show better detection limits down to picomolar levels (Cai et al.,
2006; Guo et al.,, 2013; Hu et al.,, 2015; Jiang et al., 2013; Liu et al.,
2014; Wang et al,, 2013; Zhang et al., 2011), our technique may
find an application with features on simplicity and high-
throughput modality.

Previously, an order of magnitude enhancement in the affinity
between thrombin and its aptamers by forming a serial connection
of Bock and Tasset aptamers with Ts linker in a solution phase was
reported (Hasegawa et al., 2008). The slight improvements of the
affinity via multiple bindings on the solid surface as compared
with in solution phase suggest factors that impose restrictions for
aptamer-protein binding at the solid-liquid interface (Cheng et al.,
2007). First, molecular recognition on the surface is hindered by
the inability to fold into a proper secondary structure, rendering
some of the aptamers on the surface unavailable as a ligand.
Second, binding of thrombin increases the charge at the interface,

which in turn generates electrostatic repulsion to interfere with
the binding of another target to adjacent aptamers. This may be
the case because we used a decreased ionic strength to gain an
electrical double layer thickness. Third, a surface-immobilized
aptamer via relatively short spacer length impairs the freedom of
Brownian motion, thus fails to reach to an epitope in a target
molecule. Above results also indicate that the freedom of aptamer
mobility is necessary to exert the original aptamer affinity by in-
creasing the spacer length from the electrode surfaces. On the
other hand, an increase in the distance of aptamer from the
electrode surface is disadvantageous for the direct readout of in-
nate biomolecular charges of captured protein within the electrical
double layer (x~'~2.1 nm) by decreasing the induced effective
charge (q) shown in Eq. (5). Namely, to increase the mobility of
graft aptamer chain and to improve the charge sensitivity for
target protein is a trade-off relationship. Our study shows the
importance in designing bio-interface at the molecular resolution.
The best spacer length lies in between Tg and Tq for dual aptamer-
based thrombin biosensing in potentiometry.

4. Conclusions

We developed an affordable method for improving the affinity
of aptamer-modified sensor surface for thrombin in potentiometry
by employing cooperative contacts using two different aptamer
sequences that can target different epitopes in the protein mole-
cule. The overall binding ability on the dual aptamer-modified
surface exceeds the original binding capability of these aptamers
used in an independent manner without synergy. The concept
adds values to aptamer as a synthetic ligand by enhancing the
sensitivity of aptamer-based biosensing to cope with immuno-
sensing. The key technology lies in the design of spacer and liner
in the probe molecules as a building component of SAM for
making biorecognition interface within an electrical double layer.
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