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Abstract

In spite of the promising applications of aptamers in the bioassays, the development of
aptamer-based electrochemical biosensors with the improved limit of detection has remained a
great challenge. A strategy for the amplification of signal, based on application of nanostructures
as platforms for the construction of an electrochemical adenosine triphosphate (ATP) aptasensor,
is introduced in the present manuscript. A sandwich assay is designed by immobilizing a
fragment of aptamer on a nanoporous gold electrode (NPGE) and its association to second
fragment in the presence of ATP. Consequently, 3, 4-diaminobenzoic acid (DABA), as a
molecular reporter, is covalently attached to the amine-label of the second fragment, and the
direct oxidation signal of DABA is followed as the analytical signal. The sensor can detect the
concentrations of ATP as low as submicromolar scales. Furthermore, 3.2% decrease in signal is
observed by keeping the aptasensor at 4°C for a week in buffer solution, implying a desirable
stability. Moreover, analogue nucleotides, including GTP, UTP and CTP, do not show serious
interferences and this sensor easily detects its target in deproteinized human blood plasma.

Keywords: Aptasensor, Aptamer, Adenosine triphosphate, Nanoporous gold electrode, 3, 4-
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1. Introduction

A wide variety of nanoscale materials with diverse sizes, shapes and structures are now
available. The amazingly small sizes and desirable properties of nanomaterials make them
very attractive tools to investigate for various fields of science [1]. They play important roles
in construction of high-performance bioassays to detect target molecules using different
analytical methods. Owing to prominent properties, such as high specific surface area, well-
ordered pore structures, excellent conductivity, biocompatibility, chemical and thermal
stability, mechanical strength and toxicological safety, gold nanoporous materials are
attractive supports for the adsorption or immobilization of biocomponents in confined spaces
at the nanoscale [2-4]. They have been used for catalysis [5], energy storage [6], enzymatic
assays [7, 8] and development of biosensors [9, 10]. Preparation of gold porous substrates
have been accomplished using different methods such as template-directed synthesis [7],
hydrothermal treatment [11], electrochemical/chemical dealloying [12, 13]. Recently, some
new facile electrochemical strategies have been reported to fabricate NPGEs [14-16]. All
these methods prepare NPGE using in-situ procedure. As a nanotructured biointerface, in-situ
prepared NPGE is very appropriate for the construction of electrochemical biosensors due to
its easy manipulation and high stability.

Aptamers are nucleic acid-based ligands that are being used in various novel scientific
fields. They are characterized by a versatile selection process, high affinity and specificity for
their targets, simplicity of synthesis and finally rapid production processes. Aptamers can be
stored long term at ambient temperature and can sustain reversible denaturation [17]. All
these properties collectively make them ideal to apply in bioelectrochemical assays. Up to
now, various aptamer-based sensors (aptasensors) have been reported for the widespread
range of targets, including small molecules [18], pharmaceutical drugs [19], biological
macromolecules [20], and even whole cells [4]. Among them, electrochemical aptasensors
have attracted interests, due to their combined advantages of sensitivity, miniaturization
capability, minimal power requirement, and low cost, as well as high stability [21-23].

Electrochemical aptasensors for detection of small molecules such as ATP and cocaine
have been recently developed [24-26]. ATP is a vital substrate in living organisms and as an
indicator for the cell viability and the cell injury [27, 28]. It is well- known as the mediator of
energy exchanges in all living cells [29]. This small molecule plays a key role in cell
metabolism, which is involved in many metabolic processes [30, 31]. Detection of ATP with
low-affinity aptamer leads to be more challenging than the other targets with well-known
high-affinity aptamers. From this view, detection of ATP using innovative strategies is very
attractive.

In this manuscript, a NPGE-based aptasensor for detection of ATP using DABA as a
molecular reporter is described. DABA was previously used to quantify DNA and
determination of DNA—protein interaction by fluorometric methods [32, 33]. In the present
study, for constructing the nanostructured aptasensor, a well-known ATP binding aptamer
splits into two fragments [26, 34]. The first fragment is immobilized onto NPGE via alkane
thiol self-assembled monolayer chemistry. Subsequently, the second fragment is covalently
bound to the activated carboxylic group of the molecular reporter using EDC/NHS
chemistry. In the presence of ATP, two fragments of aptamer associate together.

2



Consequently, this increases the concentration of DABA at the electrode surface and can be
easily monitored using electrochemical techniques.

2. Experimental

2.1. Chemicals

DABA, Hexaammineruthenium(l11) chloride (RuHex), ascorbic acid, magnesium chloride,
sodium chloride, potassium chloride, sodium dihydrogen phosphate, disodium hydrogen
phosphate, 1-ethyl-3-(3 dimethylaminopropyl) carbodiimidehydrochloride (EDC), N-
hydroxysuccinimide (NHS), tris-(2-carboxyethyl) phosphine hydrochloride (TCEP), potassium
ferrocyanide, potassium ferricyanide, nitric acid and sulfuric acid were purchased from
commercial sources (Merck or Sigma) in analytical grade. ATP, guanosine triphosphate (GTP),
cytidine triphosphate (CTP), and uridine triphosphate (UTP) were obtained from Vivantis Co.
(Malaysia). Amino labeled oligonucleotides and thiolated oligonucleotides were obtained from
Eurofins MWG/Operon Co. with following sequences:

F1: 5-HS-(CH2)6-ACCTGGGGGAGTAT-3’;
F2: 5’-TGCGGAGGAAGGT-(CH2)2-NH2-3’

All chemicals were used as received. The stock solutions of the aptamers (4.0 uM) were
prepared using PBS buffer solution (pH=7.0) and kept at —20°C. Serum samples of healthy
human volunteer blood donations were obtained from Esfahan Blood Transfusion Organization
(EBTO). The distilled deionized (DI) water (R=18 MQ) was used in all solution preparations.

2.2. Instrumentation

Electrochemical experiments were carried out using an Autolab PGSTAT30 (ECOchemie,
The Netherlands, driven by GPES 4.9 software). A conventional three-electrode system,
consisting of small parts of gold recordable compact disks (CD-R) as a working electrode, a
platinum wire as an auxiliary electrode and an Ag/AgCI/3.0 M KClI as a reference electrode was
used for all experiments. The differential pulse voltammograms have been recorded at the scan
rate of 10 mV s * and the pulse amplitude of 25 mV. Electrochemical impedance spectroscopy
(EIS) experiments were accomplished at a constant DC potential of +0.23 V. The applied AC
potential was 5 mV. Chronocoulometry experiments were performed at pulse duration of 500 ms
and pulse amplitude of 500 mV. All experiments were performed at room temperature. Scanning
electron microscopy (SEM, Philips L33) was used to characterize the morphology of the
electrode.



2.3. Preparation of NPGE

Prior to NPGE preparation, the gold electrode is prepared using a CD-R according to
previously reported procedures [15, 35, 36]. Concisely, a piece of CD-R is cut and the protective
layer is removed by putting it in the concentrated nitric acid. Afterward, it is rinsed by DI water
thoroughly; then, it is fixed to the bottom of a Teflon cell with an O-ring and is used as the
working electrode.

In the next step, NPGE is prepared during two steps. In the first step, the gold electrode is
anodized in a 0.2 M phosphate buffer solution (pH=7.4) for 3 minutes by applying a step
potential from the open-circuit potential (OCP) to 4V. Gas bubbles are produced on the gold
surface during anodizing process. While gas evolution is accomplished an oxide film is grown on
the gold substrate until the anodizing process is terminated. Under these conditions only oxygen
evolution can be done and the produced bubbles at the anode are oxygen [15]. At the next step,
ascorbic acid is applied as a non-toxic and low-cost reducing agent to reduce gold oxide to
metallic Au. The reduction is performed by incubating the anodized gold substrate ina 1.0 M
ascorbic acid solution for 3 minutes. Due to its high surface area and nanometer crystal size, the
color of the gold surface changes to dark [37].

2.4. Nanoporous platform modification

Fig. 1 shows the different steps of fabrication of the gold nanoporous-based aptasensor.

Prior to sensor fabrication, for reduction of the disulfide bond of F1 fragment, a 20.0 pL
aliquot of 4.0 uM F1 with 5.0 pL of 0.5 mM TCEP is incubated in darkness for 1 h. Afterward, it
is self-assembled onto NPGE surface by dropping 15.0 puL of 4.0 uM F1 solution and 12.0 pL of
2.0 M magnesium chloride for 24 h. Then, the electrode is thoroughly rinsed with DI water and
stored in 10 mM phosphate buffer (pH 7.0) prior to use.

For monitoring the response of the sensor to different concentration of ATP, the second
fragment of aptamer should associate to the immobilized fragment on the surface in the presence
of ATP and then a molecular reporter is covalently bound to this fragment. For this purpose, 15.0
ML ATP (various concentrations) and 15.0 pL of 4.0 uM F2 fragment are dropped onto NPGE
simultaneously for 5 minutes. It was found that the optimum time for aptamer fragments
interaction is equal to 5 minutes (Fig.S1). Afterward, the modified electrode is rinsed by DI
water. Finally, a 0.1 M phosphate buffer solution (pH=7.4) containing 1.0 mM DABA as
molecular reporter, 20 mM of EDC and 30 mM of NHS is dropped onto the electrode surface for
2 h for the covalently attachment of DABA to be amino-label of F2. The resulting electrode is
ready for the electrochemical detection.

EIS is applied to follow different modification steps. For EIS analysis, a solution of 0.5 mM
potassium ferricyanide and potassium ferrocyanide (1:1) in 0.1M KCI is used. The differential



pulse voltammetry (DPV) responses of DABA are followed as an analytical signal. DPV
experiments are done in 0.05 M phosphate buffer solution (pH 5.5).

Here Fig.1

3. Results and discussion

In this manuscript, the effect of nanoporous structure of the electrode surface on the
detection sensitivity of an electrochemical ATP aptasensor, which uses DABA as a molecular
reporter, is investigated. An in-vitro selected 27-mer ATP binding aptamer (ABA), which owns
high selectivity for ATP against its analogues, GTP, CTP, and UTP is employed. ABA is split
into two fragments according to the previously reported manuscripts [26, 34]. These two
fragments fold around ATP molecules on the surface of NPGE and from an associated complex,
which creates a sandwich assay aptasensor for the detection of ATP. Associated second fragment
is modified by DABA and electrochemical oxidation of DABA is followed as the analytical
signal. The active surface area of the electrode and consequently the loading of F1- aptamers are
increased by converting it to nanoporous structure. Therefore, more ATP, F2- aptamer, and
DABA are accumulated onto the surface. By more loading of DABA molecules on the surface,
the signal is amplified.

3.1. Characterization of NPGE

To compare the electrochemically active surface area of smooth gold electrode and NPGE,
cyclic voltammograms of both electrodes are recorded in 0.1 M H,SOy in the same condition. As
Fig. 2 shows, both electrodes represent a symmetric cathodic peak at ~0.8 V, arising by the
electrochemical reduction of gold oxide formed during the anodic scan. However, the reduction
peak current of NPGE is significantly higher than that observes on the smooth gold surface due
to larger surface area. By assuming 386 uC.cm 2 required charges for the reduction of one
monolayer of gold oxide to metallic gold [38], the real surface area of the smooth gold electrode
and NPGE are obtained equal to 0.22 + 0.01 cm? and 1.9 + 0.10 cm?, respectively. These values
represent approximately a nine-fold increase in the surface area after electrode processing. Fig. 3
shows scanning electron microscopic image of both NPGE and smooth gold electrodes. The
surface micrograph of NPGE reveals a nanoporous structure, while that of gold substrate shows a
smooth structure. The observed parallel channels in SEM images are the grooves on recordable
CD.

Here Fig.2

Here Fig.3
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3.2. Electrochemical characterization of sensing interface

The biorecognition layer on the electrode surface is characterized using EIS and
voltammetric techniques. EIS not only is applied as a very powerful method for the
characterization of sensing interfaces, but it also provides a suitable transduction technique to
follow the interfacial interactions of biomolecules [39]. One of the favorable properties of EIS is
nondestructive character of this technique that makes it extremely attractive for the
electrochemical biosensing assays [23, 40-42]. The capacitance and resistance properties of the
solid support-electrolyte interface change by the immobilization of biomolecules on the
conductive or semi-conductive supports [39]. Actually, the presence of biomaterial films on the
electrode surface decreases the double-layer capacitance and retards the interfacial electron-
transfer kinetics [43]. These effects depend on the molecular and immobilization characteristics
of the recognition layer on the surface.

The impedance spectra at the different steps of electrode surface modification are shown in
Fig. 4. F1 immobilization on the NPGE surface causes an increase in the charge transfer
resistance (Rc). To optimize the immobilization amount of F1 fragment, various concentrations
of F1 aptamer (2-10 uM) have been self-assembled on NPGE surface. The impedance spectra
(Fig.S2) demonstrated that the immobilization of F1 is increased by increasing of F1
concentration up-to 4.0 uM and for further experiments 4.0 uM was applied as optimum
concentration. In the next step, association of F1 and F2 in the presence of ATP causes a
significant increase in the charge resistance. These changes arise by blocking of the electrode
surface by both electrostatic repulsion between the negatively charged redox indicator
[Fe(CN)6]>* and the phosphate backbone of ABA fragments and also spatial restriction of
ABA. The R is 250 + 50, 3000 + 270, 3600 +300 and 6500+450 Q for NPGE, after F1
immobilization and F2 association in the absence and presence of 1.0 mM ATP, respectively.
This is in consistent with previously published report [44].

Here Fig.4

Modification of the electrode surface is also followed using cyclic voltammetry. Fig. 5
shows the cyclic voltammograms of potassium ferricyanide on the NPGE and modified electrode
for each step of the modification. As Fig. 5 shows, due to the development of negative charges
on the surface of the electrode, immobilization of F1 onto the NPGE surface causes a decrease in
the faradic peak current (I,) and an increase in the peak potential separation (AE;). As a result of
the F2 association with F1 in the presence of ATP, a sandwich structure is formed onto the
NPGE. Consequently, aptamer layer on the electrode surface becomes denser and the negative
charge of the electrode surface increases more than the previous step. Therefore, the
approachability of negatively charged ferricyanide ions to the electrode surface becomes
difficult, the peak potential separation (AEp) increases and the faradic peak current (Ip) more
decrease (Fig. 5). These changes are in good agreement with EIS results.
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Here Fig.5

3.3.  Quantitation of aptamer surface density

Aptamer coverage at the electrode surface can be estimated using cationic redox molecules
that electrostatically associated with the negatively charged aptamer backbone [45]. Cations
provide charge compensation for the anionic phosphate groups in aptamer backbone. Briefly, the
modified NPGE with aptamer is incubated in the 50mM RuHex solution with low ionic strength
(0.05M KCI). The amount of cationic redox probe, RuHex, is then measured by
chronocoulometric technique, under equilibrium condition [46]. By referring to the Cottrell
equation, the chronocoulometric intercept at t=0 is sum of the double layer charge and the charge
due to the reaction of redox probe that accumulate on the electrode surface by adsorbing onto the
phosphate backbone of F1. The surface excess terms are calculated by the difference between the
chronocoulometric intercepts for the identical potential step experiments in the presence and in
the absence of the redox probe. Aptamer surface density can be estimated using the following
equation:

[apt = T'o(z/m)

Where Iy is the aptamer surface density in mol/cm?, m is the number of bases in aptamer
and z is the charge of RuHex. Finally the surface density of aptamer is obtained equal to 14 + 0.4
pmol cm? (n=3).

3.4. Analytical performance of the aptasensor

CV was applied for the investigation of electrochemical behavior of DABA. Fig. 6 shows
the cyclic voltammograms of 1.0 mM of DABA in 0.05 M phosphate buffer solution at pH 5.5.
The voltammogram shows a well-known anodic peak at ~0.47 V in the first scan, but in the
second scan, another anodic peak is observed at ~0.12 V. This peak can be corresponded to the
formation of DABA oligomer by the oxidation of DABA during the first scan [47].

Here Fig.6

In this research, two fragments of ABA are associated on the NPGE surface in the presence
of ATP, and then F2 is modified by DABA. The oxidation peak of DABA is shifted to more



positive potentials (~0.17V) and followed as the analytical signal. The oxidation peak currents of
DABA not only depend on the concentration of ATP, but also depend on the concentration of
F2-DABA. The lower concentrations of F2 destabilize the associated complex; and their higher
concentration causes to form more associated complex in the absence of ATP, and therefore,
more background currents are observed and so the signal increase percentage will be decreased.
It was found that the optimum concentration of F2 for the proposed aptasensor is equal to 4.0
uM (Fig. 7). Under optimum conditions, by addition of ATP, more F2 fragment associates to F1.
This causes large increase in faradic current. Fig. 8 shows a monotonic increase in peak currents
with increasing ATP concentrations until saturation at the concentrations up to 3mM ATP. This
aptasensor easily detects ATP at concentrations as low as 100 nM (Fig. 9). Detection sensitivity
of the aptasensor compares favorably with other previously reported ATP aptasensors [24, 26].

Here Fig.7
Here Fig.8

Here Fig.9

3.5.  Selectivity, stability and reproducibility

The selectivity of the aptasensor is investigated by following the DABA oxidation signal
when the sensor treated with other nucleotide analogues including UTP, GTP, and CTP (all of
1.0 mM concentrations) instead of ATP. The oxidation peak currents of DABA for the ATP
analogues are roughly as low as the signal in the absence of ATP, ~80-fold lower than that is
seen for 1.0 mM ATP (Table 1). The introduced aptasensor shows excellent specific response
against ATP analogues. This result obviously confirms the fact that the NPGE design does not
change the selectivity of the ATP aptamer.

Furthermore, in order to investigate the ability of the aptasensor to detect ATP under
realistic conditions, it was applied to the human blood plasma sample. To avoid nonspecific
adsorption of proteins on the surface of NPGE, the plasma is pretreated upon previously reported
procedure [48]. Briefly, it is deproteinized by trichloroacetic acid and diluted 10- folds using
10.0 mM phosphate buffer (pH 7.0). Subsequently, ATP is spiked into the pretreated plasma and
it employs as a working solution in the electrochemical experiments. As table 1 shows ATP
aptasensor strongly supports the detection of its target even in the complicated matrix under
realistic conditions.

The stability of the aptasensor is examined by incubation of the F1-modified electrode in
PBS 1X (pH 7.0) at 4 °C. After 1 week, 3.2% decrease is observed for the detection of the same
ATP concentration (Fig.S3) implying good electrode stability.



In order to evaluate the inter-day variations of the aptasensor, a series of three electrodes is
examined for the detection of 1.0 mM ATP. The relative standard deviation (RSD) of 3.3% for
these experiments is obtained. This shows the reproducibility of the aptasensor is quite reliable.

Here Table 1

4. Conclusions

A strategy based on nanostructure platform for the signal amplification of an
electrochemical ATP aptasensor using DABA as a molecular reporter is demonstrated in this
manuscript. The introduced assay combines several advantages simultaneously; first, it is
essentially resistant to nonspecific interferences and usable in a complex media such as human
blood plasma in compared to other electrochemical sensors [49-51]. Second, it can detect the
concentrations of ATP at sub-micromolar scales. Third, it is a signal-on sensor, with acceptable
stability. At last but not least, it is prepared by a fairly easy procedure. The emergence of NPGE
introduces a promising strategy in aptasensor field. It could be extended to fabricate sensitive
biosensor for the detection of other targets even whole cells.
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Table 1. ATP sensor responses for 1 mM solutions of ATP, UTP, CTP and GTP and also for 1
mM ATP spiked to pretreated plasma (PT-Plasma).

Target Ip/pA SD
UTP 0.05 0.03
CTP 0.05 0.02
GTP 0.03 0.02
ATP(buffer) 2.35 0.08
ATP(PT-Plasma) 2.15 0.1
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Figure captions:

Fig. 1 Schematic presentation of different modification steps for fabrication of the gold
nanoporous-based aptasensor.

Fig. 2 Cyclic voltammograms on (a) smooth gold electrode and (b) NPGE in 0.1M H,SO, at
scan rate 100 mV s *

Fig. 3 SEM images of (a) smooth gold and (b) nanoporous gold electrodes.

Fig. 4 Electrochemical impedance spectra of different modification steps: (a) NPGE (b) NPGE
/F1 (c) NPGE /F1/F2 and (d) NPGE /F1 /ATP (ImM)/F2 in a solution containing
[Fe(CN)g] *™* (5107 M; 1:1) as a redox probe at a constant DC potential of +0.23V.

Fig. 5 Cyclic voltammograms of (a) NPGE, (b) NPGE /F1, (c) NPGE /F1/F2 and (d) NPGE /F1
IATP (1mM)/F2 in a solution containg [Fe(CN)6] * (510" M) and 0.1 M KCI at scan
rate of 100 mV s *

Fig. 6. Cyclic voltammograms of 1 mM DABA in 0.05 M phosphate buffer solution (pH 5.5) at
scan rate of 50 mV s * (a) first scan and (b) second scan.

Fig.7 The percentage of signal increases for different concentration of F2 fragment in the
presence of 1 mM ATP. The data points and error bars correspond to the average and
standard deviations from three independently fabricated electrodes.

Fig.8. Differential pulse voltammograms of ATP aptasensor in the presence of various
concentrations of ATP (0, 0.1, 1, 10, 100, 500, 1000, 2000, 3000 uM) at scan rate of 10
mV s * and pulse amplitude 25 mV.

Fig.9. Peak current responses of ATP aptasensor vs. logarithm of ATP concentrations. The data

points and error bars correspond to the average and standard deviations from three
independently measurements.
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Fig. 6.
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Fig. 7.
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Fig. 8.
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Fig.9.
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Highlights

» Application of gold nanoporous platforms for the construction of aptasensors is
described.

» Nanostructure platforms enhance the detection sensitivity of aptasensors.

» The aptasensor can detect the concentrations of ATP at sub-micromolar scales.

> Very selective response of aptasensor to ATP against the ATP analogues.
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