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Abstract

A specific troponin T (TnT) binding aptamer was identified and immobilized on an electrodeposited macroporous gold
nanostructure using poly(ethylene glycol) 600, to fabricate a novel and ultrasensitive TnT aptasensor. The transducer
surface on the gold disk electrode was characterized by field emission scanning electron microscopy, and immobilization
of the aptamer was monitored by open circuit potential measurements. Binding of TnT by the aptamer was monitored by
differential pulse voltammetry using ferro/ferricyanide as the redox probe. The aptamer has a high affinity and speci-
ficity, and the electrode is sensitive and selective. Best operated at a working potential of 0.23 V (vs. Ag/AgCl), the
electrode can detected TnT in the 0.05 to 5.0 ng mL™' concentration range with a 23 pg mL™' detection limit. The
method was applied to the determination of TnT in 99 spiked human serum samples, and the diagnostic sensitivity and
specificity were 94 and 95%, respectively.
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Introduction

Troponin is a regulatory protein with three subunits of I
(Tnl), C and T (TnT) and present in the skeletal and heart
muscles [1]. Cardiac troponins of TnT and InI are highly
specific for cardiac muscle injury. The cardiac subtype of
TnT is specialized for the heart muscle [2]. TnT is used as
a sensitive and accurate biomarker to diagnose the acute
coronary syndromes and identify myocardial infarction
(MI) [3]. In healthy persons, the level of TnT in the
bloodstream is negligible or undetectable, but when the
heart muscle is damaged, TnT is released and its concen-
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tration in the blood increases [3]. In such the conditions,
Tnl concentration increases too. However, the stability of
the released TnT in the blood (ten to fourteen days) is
higher than Tnl (seven to ten days) [1]. Therefore, TnT
is a more sensitive and valuable biomarker than Tnl, and
carly diagnosis of MI by TnT detection is very essential,
applicable and important in the fast and effective treat-
ment in the first hours after the occurrence of MI [4].
On the other hand, the Food and Drug Administration
recommends TnT measurement as a very useful biomark-
er in the diagnosis of acute coronary syndromes and the
heart failure [5]. A value of TnT level of greater than
0.1 ng mL™" is considered as a damage to the myocardium
[5]-

The main detection methods of TnT are based on im-
munoassay. However, there are limitations in these
methods, including high cost, complications, interfering
effects, and low accuracy. These immunoassays were per-
formed by electrochemical [6], chemiluminescence [7],
localized surface plasmon resonance [8], fluorescence
and near-infrared fluorescence [9] detections and a field
effect transistor [10], in addition to the traditional immu-
noassay technique [11].
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Aptamers, as synthetic DNA/RNA sequences, are de-
signed and selected in a way that they have the highest
affinity to the target, leading to their applications in
drug delivery and discovery, in vitro and in vivo diag-
nosis, bioimaging, food science, separation techniques,
and fabrication of aptamer-based biosensors
(aptasensors) [12]. Aptasensors have the advantages of
specificity toward analyte due to the in vitro procedure
of aptamer selection (systematic evolution of ligands by
exponential enrichment, SELEX), developable for a va-
riety of analytes (some other recognition elements such
as antibodies are not available for any analyte), inert-
ness, tenability in the sequence design and chemical
modifications, stability and long shelf life. As for the
aptasensing, different transduction routes such as elec-
trochemical [12], photoelectrochemical [13], optical [14]
and mass [15] have been introduced. Electrochemical
aptasensing have the advantages of high sensitivity,
low cost, simplicity, fast response detection, with using
lower amounts of aptamers without using labeling.
Aptasensors have been proposed for detecting different
biomarkers [12], including those for the detection of MI
[16].

In nanotechnology, increase in surface to volume ratio,
incidence of quantum confident effect, enhancement in chem-
ical reactivity and appearance of different physicochemical
properties of nanomaterials (compared to large scale ones)
have led to applications of nanostructured materials in fabri-
cation of (electro)chemical sensors and biosensors [17-19]. In
addition, accuracy and specificity of the biosensors can be
improved using nanostructured transducers [17-19]. Gold
nanostructures have a high stability, accessibility, lack of tox-
icity and biocompatibility with huge biomedical (including
biosensing) applications [12, 17].

In the present study, a TnT specific 40-mer aptamer was
immobilized on the surface of a macroporous gold nanostruc-
ture, and a novel TnT aptasensor was presented. This TnT
electrochemical aptasensor provided a new achievement in
the early detection of MI.

Materials and methods
Materials and biologicals

Materials and reagents were purchased from Sigma (USA,
sigmaaldrich.com), Merck (Germany, merckgroup.com)
or Scharlau (Spain, scharlab.com) without further
purification. Cardiac TnT, human serum albumin (HSA),
bilirubin, heparin sodium salt and hemoglobin were
purchased from Sigma (USA, sigmaaldrich.com).
Deionized water was used throughout the work. A
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specific 40-mer thiolated aptamer [20] was prepared from
Bioneer Co. (Korea, bioneer.com) with the sequence of:

5'-(SH)-(CH;)¢-CGTGCAGTACGCCAACCTTT
CTCATGCGCTGCCCCTCTTA-3'.

Apparatus

Surface morphology of the macroporous gold nanostruc-
ture was evaluated by field emission scanning electron
microscopy (FESEM), using a TESCAN Mira 3-XMU
(Czech Republic, www.tescan.com) equipped with
energy-dispersive X-ray spectroscopy (EDS). All electro-
chemical measurements were performed by a potentiostat/
galvanostat of p-Autolab (the Netherlands, www.
metrohm-autolab.com) run through GPES software.
Differential pulse voltammetry (DPV) technique was
used for the quantitation of TnT with a pulse width of
25 mV, a pulse time of 50 ms, and a scan rate of
10 mVs' A gold disk (Au) of 2 mm diameter from
Azar Electrode Co. (Iran, www.azarelectrode.ir), an Ag/
AgCl, 3 mol L' KCI and a platinum disk from Azar
Electrode Co. (Iran, www.azarelectrode.ir) were
employed as the working, reference and counter
electrodes, respectively. In order to find an optimized
time for immobilization of the aptamer on the surface
of macroporous gold nanostructure, screen printed gold
electrodes from DropSens (Spain, www.dropsens.com)
were employed, macroporous gold nanostructure was
electrodeposited on their working surfaces, and open
circuit potential (OCP) was measured in a two-electrode
configuration using a digital multimeter of Mastech
MS8340B (China, www.mastech-group.com).

Preparation of the gold electrode covered
with macroporous gold nanostructure (Au/MGN
electrode)

Macroporous gold nanostructure was electrodeposited for
the first time. A gold electrode was firstly polished by
sand polishing and then 50 nm-alumina powder; when
the electrode surface was like a mirror, it was inserted
in a tube containing an ethanol/water (3:1) mixture and
ultrasonicated in an ultrasound bath during 6 min. At the
next step, the electrode was immersed in a cell contain-
ing 5 mL H,SO4 (0.5 mol L containing HAuCly
(20 mmol L") and poly(ethylene glycol) (PEG) 600
(0.1 mol L™"). Macroporous gold nanostructure was elec-
trodeposited at 0 mV for 5 min. The Au/MGN electrode
was store at ambient temperature in the lab.
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Immobilization of the aptamer on the Au/MGN
electrode surface

Before any immobilization, inter-thiol-thiol bonds were bro-
ken by adding 10 puL dithiothreitol (DTT) solution
(500 mmol L") containing 10 mmol L ! sodium acetate at
pH 5.2. The mixture was mixed for 20 min at room tempera-
ture, and then ethyl acetate was added three times (total vol-
ume of 100 pL); after each addition, the upper layer was
discarded. Then, 10 mmol L! phosphate buffer solution con-
taining 5.0 mmol L™' NaCl, 2.0 mmol L™' KCI and
1.0 mmol L™' MgCl, at pH 7.4 was added to attain a
10 umol L™ aptamer solution. 10 pL of the aptamer solution
was dropped on the surface of the Au/MGN electrode. The
electrode was refrigerated at 4 °C to complete immobilization
process for an optimized time of 60 min. The electrode was
then rinsed with deionized water and then 10 puL of
mercaptohexanol (MCH, 1.0 mmol Lfl) was drooped on the
electrode and kept at room temperature for 30 min. MCH was
used to block the unimmobilized sites on the surface and
alignment of the aptamer monolayer. The electrode (the
aptasensor) was rinsed with deionized water and when it
was not used, it was kept refrigerated in Tris-HCI buffer
(20 mmol L.

Nyquist diagrams were recorded using both the Au/MGN
electrode and the aptasensor in a solution of Tris-HCI buffer
(20 mmol L") containing KCI (0.5 mol L") and ferro/
ferricyanide redox marker (0.5 mol L™"). The dc-offset poten-
tial was equal to the equilibrium potential of the system (equal
to 210 mV vs. Ag/AgCl), the frequency range was 100 kHz to
25 mHz, the ac voltage amplitude was 10 mV and the equilib-
rium time was 5 s. The system was run on a PC using FRA 4.9
software.

Aptasensor targeting with TnT

Binding process of TnT (with various concentrations) with the
immobilized aptamers was followed at 37 °C. The optimized
binding time was achieved as 31 min and this time was used in
all binding processes between aptamer and TnT. After this
binding time, the electrode was rinsed with deionized water
and immersed in a solution of Tris-HCI buffer (20 mmol L")
containing KC1 (0.5 mol L™") and ferro/ferricyanide redox
marker (0.5 mol L"), and DPV plots were separately recorded
after binding each concentration of TnT for the oxidation of
the redox marker.

Real samples analyses

Real samples were obtained from 99 human’s blood serum (50
women and 49 men) and classified in four groups of 48 MI
patients, 41 healthy persons, 5 with kidney disease, and 5 with
liver disease (the last two groups were selected to find actual

performance of the aptasensor and prevent false positive re-
sults of TnT in patients). Before any sampling, the informed
consent was signed by the persons, and all of the procedures
were followed according to the guidelines of the Ethics
Committee of the Shiraz University of Medical Sciences (li-
cense number 14588). The MI patients were previously iden-
tified by determination of Tnl levels, using an AccuBind®
ELISA Kit from Monobind Inc. (USA, www.monobind.
com). It is also known that TnT level necessarily increases
along with Tnl in MI patients [21]. False positive result was
a result obtained by the aptasensor indicating a person to be
patient, while it was not, and false negative one was a result
obtained by the aptasensor indicating a person to be healthy,
while it was patient.

Results and discussion

Morphology of the gold (Au and Au/MGN electrodes) sur-
faces was investigated by FESEM (Fig. 1a-f), and an EDS
from the gold nanostructure (Fig. 1g) was recorded. FESEM
images reveal that while the gold electrode has a relatively
smooth surface, the surface of the electrodeposited gold nano-
structure is rough. The low-magnified images of the gold
nanostructure show a highly porous structure entirely cover-
ing the surface similar to ensembles, and each ensemble itself
comprises of macroporous regular dripstone-like of gold with
thin edges of 22 = 8 nm. This special morphology can provide
a high surface area and roughness factor for hosting of the
immobilized aptamer. The EDS spectrum also indicates that
the gold nanostructure is highly pure. Electrochemically at-
tainable surfaces of the gold substrate and macroporous gold
nanostructure were determined by recording cyclic voltammo-
grams at different potential sweep rates in a solution of Tris-
HCl buffer (20 mmol L) containing KCI (0.5 mol LY and
ferro/ferricyanide redox marker (0.5 mol L"), using the gold
and Au/MGN electrodes (data not shown). Based on a classi-
cal analysis of the peak currents of the voltammograms,
Randles-Sevcik equation, and the diffusion coefficient of the
redox marker, the real surface areas of the electrodes accessi-
ble for the aptamer to be immobilized are found as 0.035 and
0.20 cm? for Au and AwWMGN electrodes, respectively. This
indicates a roughness factor of 5.7 for the gold nanostructure.

It has been reported that AuCl, forms complex with PEG-
polypropylene glycol-PEG block copolymers [22, 23] by for-
mation of pseudo crown ether structures those are induced by
ion-dipole interactions [22—24]. Therefore, PEG 600 binds to
the gold ionic species. Although a high negative overpotential
was applied for the electrodeposition of the macroporous gold
nanostructure (vs. AgCl, 0 V, compared to 1.27 V for the
standard redox potential of Au>*/Au redox couple), due to
binding of the gold species to PEG 600, there was a negative
shift in the thermodynamic potential of the Au**/Au redox
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Fig. 1 A FESEM image from the gold electrode surface (a), FESEM images from the macroporous gold nanostructure at different magnifications (b-f),

and a EDS from the macroporous gold nanostructure (g)

couple. Hence, formation of the preliminary gold nuclei oc-
curred under the control of charge transfer kinetics. PEG 600
can also play, on the other hand, the role of a shape-directing
agent and control the directions of nucleation and growth,
leading to an anisotropic structure. Formation of different
shapes of gold nanostructures in the presence of diols [25],
and amino acids [26] has also been reported elsewhere.

In order to electrochemical characterization of the gold
electrodes employed in this study, cyclic voltammograms of
gold, Au/MGN, the aptasensor and the aptasensor after
targeting with TnT in the presence of the redox marker were
recorded, while the optimized experimental conditions ap-
plied throughout the study (vide infra) were followed. The
results are presented in Fig. 2. Based on the results, the Au/
MGN electrode represents larger peak currents related to in-
crement in the real surface area of this electrode, compared to
the gold electrode. Upon immobilization of the aptamer on the
Au/MGN electrode surface, the peak currents of the redox
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marker decrease with a bit change in the formal (as the mid
peak) potential. These are due to change in the entity of the
electrode surface after aptamer immobilization; the redox
marker should approach to a surface covered by a self-
assembled monolayer of the aptamer. The aptamer contains
a net negative charge due to its phosphate-sugar backbone,
and the redox marker has a certain access to the aptasensor
surface. This access is certainly limited, compared to the Au/
MGN electrode surface due to the negative charge of the
aptamer. Targeting the aptasensor with TnT causes to further
decrement in the peak current due to repelling the redox mark-
er from the aptamer-TnT complex. TnT has an isoelectric
point of 4.98 to 5.9 [27], and its binding to the aptamer leads
to an increment in the negative surface charge. Therefore,
upon binding TnT, fewer redox markers can be attained to
approach the surface (repels from the aptasensor surface),
and the peak currents lower. The fabrication and working
principles of the aptasensor are summarized in Scheme 1.
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Fig. 1 (continued)

In order to optimize the time of immobilization of the
aptamer on the Au/MGN electrode surface, a droplet of the
aptamer solution of 10 umol L™" was placed on the electrode
surface, and OCP was measured for the duration of 1.5 h. The
data is shown in supplementary material S1 as OCP variation
with time. When a negatively charged species such as the
aptamer is immobilized on a surface, its accumulation on the
surface changes the electrode potential recordable by measur-
ing OCP, and reaching to a stable OCP indicates that immo-
bilization of the species on the surface to be completed. It
should also be added that because a two-electrode configura-
tion was employed to measure OCP, the sign of potential is
meaningless. In supplementary material S1, OCP continuous-
ly changes from the initial time of aptamer immobilization and
reaches a constant value during 60 min. Therefore, 60 min is
selected as the optimized time of aptamer immobilization.

Supplementary material S2 shows Nyquist diagrams re-
corded using the Au/MGN electrode and the aptasensor.
Electrical equivalent circuits compatible with theses Nyquist
diagrams are presented in supplementary material S3. The
values of the circuit elements were obtained by fitting the
diagrams on the circuits, and are presented in supplementary
material S4. Based on these values, and by comparing the
high-frequency responses of the Au/MGN electrode and the
aptasensor, it is revealed that aptamer immobilization on the
Au/MGN electrode surface does not markedly affect the con-
ductivity of the substrate, because the ohmic series resistance
remains almost unchanged upon aptamer immobilization on
the AwWMGN electrode surface.

To find an optimized binding time of TnT to the aptasensor,
we firstly recorded a DPV by the aptasensor as explained in
section 2.5; then, a 1.0 ng mL ! concentration of TnT was
bound to the aptasensor and incubated at 37 °C; DPVs were
recorded at incubation time intervals of 5 min and the data is
presented in supplementary material S5. The peak current in
DPVs decreases upon increment in the incubation (binding)
time, and reaches a steady value after 31 min. This time is,
therefore, selected as the optimal time of the aptasensor
targeting with TnT.

Figure 3 shows DPVs recorded for the aptasensor after
targeting with TnT of different concentrations at the optimized
experimental conditions of the aptasensor-TnT binding. Upon
increment in the TnT concentration, the peak current in DPVs
decreases. Upon increment in the amount of bound TnT, the
negative surface charge of the aptasensor increases due to the
negative charge of TnT, and the peak current lowers. The peak
current in DPVs depends on the TnT concentration in a range
from 0.05 to 5.0 ng mL™". The respective calibration plot is
shown in the inset of Fig. 3. The calibration plot has a regres-
sion equation of I, =(=2.22£0.07) log Cryr + (1.66 £0.05).
Limit of detection (LOD) of the aptasensor for the detection of
TnT is obtained using a signal equal to S-3 x SD, where S and
SD are the average and the standard deviation of the
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Scheme 1 The fabrication and working principles of the aptasensor
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reported for the detection of TnT. The aptasensor represented
a comparable dynamic range and a better or comparable LOD,
and is applicable for analysis of serum samples. The majority
of the other reported methods for sensing TnT was based on
immunosensing. However, in aptasensors, aptamers (as a
sensing element) have some advantages such as high affinity
and specificity to capture the analyte due to their 3D sequence-
dependent structures, low immunogenicity and toxicity, lower
cost, and higher reproducibility and thermal stability, com-
pared to antibodies in immunosensors.

In order to inspect the repeatability and reproducibility of the
aptasensor, TnT of two levels were determined through indepen-
dent measurements over a same day (intra-day assay) and differ-
ent days (inter-day assay), and the results are presented in sup-
plementary material S6. Moreover, 0.5 ng mL™" of TnT was
quantified three times using one aptasensor and a relative stan-
dard deviation (RSD) of 2.4% was obtained.

The reproducibility of fabrication of the aptasensor was inves-
tigated after 6 times of fabrication. The aptasensor was prepared,
bound with TnT, and the related DPVs were recorded. Then, the
aptasensor was washed with the piranha solution, fabricated
again and DPVs were recorded. The data are presented in sup-
plementary material S7. RSD was found for the aptasensor sig-
nals during this procedure as 2.6%. Therefore, the aptasensor has
excellent fabrication reproducibility.

In order to perform the regeneration ability of the aptasensor,
it was bound with 0.5 ng mL ™" concentration of TnT and DPVs
were recorded before and after binding. Then, the aptasensor was
immersed in deionized water of 95 °C for 5 min to break the
bonds between the aptamer and TnT, and then re-bound with the
same concentration of TnT. This cycle was repeated 7 times in a
similar fashion. The difference in values between the peak cur-
rents in DPVs, before and after binding, was found to have a
RSD value of 5.1%. Therefore, the aptasensor is reusable after

each sample analysis by dipping in hot water, and then it will be
usable for analysis of another sample.

As to exploration of the stability of the aptasensor, it was
bound with a 0.5 ng mL™"' concentration of TnT, and DPV's
were recorded for consecutive days, while it was placed in
Tris-HCI buffer (20 mmol L") at 4 °C for storage during this
time. The results are shown in supplementary material S8.
Based on the results, the aptasensor signal kept its 90% of
the initial value after 9 days, and this time is considered as
the stability time of the aptasensor.

In order to evaluate the selectivity of the designed TnT
aptasensor, several interfering agents including bilirubin, eth-
ylenediaminetetraacetic acid (EDTA), hemoglobin, heparin
and HSA were tested with four concentrations of 0.5, 5, 20
and 50 ng mL™". The results for this experiment are shown in
supplementary material S9. The aptasensor did not show a
significant response against these interferences at all of the
evaluated concentrations and it is considered selective.

To judge the applicability performance of the aptasensor, hu-
man blood seras from 99 individuals were analyzed. These sam-
ples were classified into four groups of healthy persons (41 mem-
bers), MI patients (48 members), kidney disease patients (5 mem-
bers) and liver disease patients (5 members). The samples of MI
were detected in a hospital by analysis of Tnl levels, using a
method of immunoassay. The threshold level of TnT in a serum
sample to decide a person to be a MI patient is 0.1 ng mL™" [5].
On the other hand, the limit of quantitation of a detection method
is defined as a concentration producing a signal equal to 10 x SD
[58], and since the aptasensor is a signal-off type with a logarith-
mic concentration dependent of the signal, we assumed a signal
produced by a sample < S1-10 x SD to be considered a MI pa-
tient (positive), where St is the aptasensor signal for the MI
threshold level of TnT. The results for the analyses of human
blood serums are summarized in supplementary material S10,
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indicating two false positive with three false negative results.
Therefore, diagnostic sensitivity of the aptasensor is 94% and
its diagnostic specificity is 95%.

Conclusion

Selection of a specific aptamer accompanied with applying nano-
technology in the design of an aptasensor for biomarkers has led
to the improvement in sensitivity and selectivity with high accu-
racy detections. Upon damage to cardiac myocytes, TnT is re-
leased to the bloodstream, and as a specific biomarker, it can be
detected by the aptasensor. High stability, regeneration and repro-
ducibility of this aptasensor can introduce a new method in clin-
ical diagnosis of M1, especially in the early stages for a quick start
of treatment. The method of synthesis of gold nanostructure can
also be expanded to fabrication of diverse nanostructures to attain
higher surface concentration of immobilized biorecognition ele-
ments. The aptasensor can also be fabricated by another aptamer
to improve the figure of merits.
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