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Abstract
Myocardial infarction (MI) is highly related to cardiac arrest leading to death
and organ damage. Radiological techniques and electrocardiography have been
used as preliminary tests to diagnose MI; however, these techniques are not
sensitive enough for early-stage detection. A blood biomarker-based diagno-
sis is an immediate solution, and due to the high correlation of troponin with
MI, it has been considered to be a gold-standard biomarker. In the present
research, the cardiac biomarker troponin I (cTnI) was detected on an interdig-
itated electrode sensor with various surface interfaces. To detect cTnI, a capture
aptamer-conjugated gold nanoparticle probe and detection antibody probe were
utilized and compared through an alternating sandwich pattern. The surface
metal oxide morphology of the developed sensor was proven by microscopic
assessments. The limit of detection with the aptamer-gold-cTnI-antibody sand-
wich pattern was 100 aM, while it was 1 fM with antibody-gold-cTnI-aptamer,
representing 10-fold differences. Further, the high performance of the sensor was
confirmed by selective cTnI determination in serum, exhibiting superior non-
fouling. These methods of determination provide options for generating novel
assays for diagnosing MI.

KEYWORDS
aptasensor, cardiovascular disease, immunosensor, interdigitated electrode, troponin
biomarker

1 INTRODUCTION

Cardiovascular disease (CVD) is reported as a major cause
of death worldwide,1,2 and myocardial infarction (MI) is

Abbreviations: CDI, 1,1′-carbonyldiimidazole; cTnI, cardiac biomarker
troponin I; CVD, cardiovascular disease; GNP, gold nanoparticle; IDE,
interdigitated electrode; MI, myocardial infarction; RT, room
temperature; SiO2, silicon dioxide; UV, ultraviolet.

© 2022 International Union of Biochemistry and Molecular Biology, Inc.

the most dangerous occurrence among CVDs, causing
low recovery and high mortality rates. MI occurs when
the heart muscle faces unusual blood flow in the artery.3
The affected patient should be treated within an hour to
obtain the highest recovery. Late identification and treat-
ment cause organ damage and lead to death, and rapid
identification of MI is mandatory to save the patient’s
life.4 Various blood-based biomarkers, including creatine
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F IGURE 1 Representation of the detection of cTnI by antibody-cTnI-aptamer and aptamer-cTnI-antibody patterns on an IDE sensing
surface. The aptamer/antibody was immobilized on the IDE surface through a CDI chemical linker, and cTnI was detected. The
antibody/aptamer was conjugated with gold nanoparticles to improve immobilization and detection. The mechanism of the dipole moment
on the molecule attached surface is shown by broken red arrows.

kinase, myoglobin, MB isozymes, troponins C, I, and
T, have been found to be suitable for diagnosing MI.5,6
Among them, troponin was proven to be an efficient
biomarker, and cardiac troponin I (cTnI) is a unique pro-
tein in the muscle cells of the heart that has a high
correlation with MI and serves as an efficient biomarker
to detect MI.7–9 This experiment is mainly focused on
detecting and quantifying cTnI with its specific binding
aptamer and antibody probes on an interdigitated elec-
trode (IDE) sensor. The IDE shown in this study has
uniformly arranged finger and gap regions, which will
influence the current change upon molecular attachment
or in the presence of electrolytes. The system operates at
a low-voltage flow and displays changes upon biomolec-
ular interactions on the surface due to the dipole moment
(Figure 1; red arrows). The identification of blood biomark-
ers with a suitable probe is necessary to improve the
detection strategy. In general, proteins, DNA, antibod-
ies, RNA, and peptides are utilized as probes to diagnose
various diseases.10–13 Among them, antibodies have been
well suited in biosensors and utilized to detect various
targets. Another probe, called an aptamer, is a kind of anti-
body, and either RNA or DNAmolecules as aptamers have
been created from a randomized library of DNA by three
major steps, namely, binding of the target to a molecule,

separation of the bound molecule and amplification of
the bound molecule.14 Since the generated aptamers have
high specificity and binding affinity with the target, the
application of aptamers is widespread in different fields,
particularly for disease diagnosis.15–17 Moreover, due to the
specific binding of the aptamer with a few bases on its
target, it can discriminate closely related biomolecules.
Aptamers produced against influenza could discriminate
the subtypes of influenza viral strains. Since aptamers and
antibodies have higher possibilities of acquiring different
binding sites with the target, the present research utilized
both aptamers and antibodies to create different surface
interfaces by sandwich patterns for the detection of cTnI.
Two different strategies, namely, aptamer-cTnI-antibody
and antibody-cTnI-aptamer, were evaluated on the IDE
metal oxide surface to evaluate the level of cTnI.
Nanomaterials have been widely accepted to improve

biomolecule detection in several ways.18–24 A broad range
of materials have been prepared at the nanoscale level and
conjugated with biomolecules to make them more stable
during immobilization on the sensing surface.25–28 Among
several available metals, gold is one of the most excel-
lent and well-accepted materials in the biosensor field due
to its unique optical properties. Various sensors, includ-
ing Raman spectroscopy, surface plasmon resonance
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Hu et al. 3

spectroscopy, waveguide-mode sensing, and colorimetry,
utilize gold particles to improve detection. The current
research study used a conjugated antibody/aptamer on
GNPs for efficient immobilization on a metal oxide to
detect cTnI. It was expected that a higher number of
probes can be attached to sensor surfaces to detect the
target molecule with a lower level and display massive
charge differences. This study involves two different bio-
logical probes and two potential nanomaterials as metals.
Metal oxide on the sensing surface enhances the surface
chemistry to capture a higher number of primary probes,
and the second metal (gold) increases the surface area to
immobilize a greater number of detection probes. These
dual combinations were implemented by a sandwich pat-
tern using both probes either as capture and detection
molecules and vice versa. With these different assemblies
on the sensing surface, the optimal and best strategy has
been found for sensing cTnI.

2 MATERIALS ANDMETHODS

2.1 Chemicals and biomolecules

Cardiac troponin (cTnI), cardiac troponin T, anti-cTnI,
1,1′-carbonyldiimidazole (CDI), phosphate-buffered saline
(PBS), human serum, and gold nanoparticles were pur-
chased from Sigma–Aldrich (USA). Ethanolamine was
acquired from Fisher Scientific (UK). The SH-aptamer
for cTnI was chemically synthesized and received from
a local supplier. The complete aptamer sequence (5′-biotin-
CGTGCAGTACGCCAACCTTTCTCATGCGCTGCCCCTC
TTA-3′) was obtained from Jo et al.29 The surface mor-
phology of the fabricated IDE was observed by 3D
nanoprofilometry (3D-view) and scanning electron
microscopy.

2.2 Interdigitated sensing metal oxide
surface fabrication

The sensor metal oxide surface with an IDEwas fabricated
by following a previous report of the traditional wet-
etching process.30,31 First, a silica substrate was washed
with recommended solutions (RCA2 and RCA1) to clean
the unnecessary particles. Then, thermal oxidation was
carried out for 60 min (500◦C) to create a silicon diox-
ide (SiO2) layer. Next, aluminium (Al) was used to coat
the Al layer on SiO2 by utilizing a thermal evapora-
tor. The pattern of the electrode was deposited on Al
by the following photolithography steps. Then, the IDE
pattern was transferred to the surface by exposure to

ultraviolet (UV) light. The unexposed placewas eliminated
by a photoresist developer. Then, IDE was hard-baked
(110◦C) for 60 s to remove the moisture on the sur-
face. Finally, the area without Al was etched with an
etchant solution (Figure 2). The prepared IDEwas cleaned
with acetone and distilled water. The morphology of IDE
was determined by microscopic assessments (high-power
microscopy and 3D nanoprofilometry) as recommended
previously.32,33

2.3 Preparation of GNP–antibody and
GNP–aptamer

To attach the antibody to GNPs, the as-received gold
nanoparticles were linked with 16-mercaptoundecanoic
acid, and the antibody was mixed with GNPs. Prior to
mixing, the linked GNPs were centrifuged to eliminate
excess 16-MDA and then activated and stabilized by 50mM
NHS and 200 mM EDC at a ratio of 1:1 for 10 min. The
conjugated antibodies on the GNPs were recovered by cen-
trifugation and washed many times with distilled water to
eliminate the excess molecules. The aptamer was conju-
gated with the GNPs through a thiol linker. Then, 1 μM
aptamer was mixed with GNPs (10 μL) and maintained at
room temperature (RT; 30 min). The conjugated aptamer-
GNPswere recovered by centrifugation at a speed of 10,000
g (10min). Then, theywerewashed five timeswith distilled
water by centrifugation and stored at 4◦C. All experiments
were performed under the optimized vital factors at room
temperature. For GNP and aptamer/antibody conjugation,
as-received GNP (one optical density) was added as 1:10 by
keeping the desired final concentration of biomolecules.
Even though the incubation of these conjugates attained
saturation at 20 min, it was prolonged for 30 min to
attain a maximum attachment of aptamer/antibody on the
GNP.

2.4 GNP-aptamer/antibody
immobilization for metal oxide surface
interfaces

cTnIwas detected by the aptamer–GNP and antibody–gold
nanoparticle conjugates on the metal oxide IDE. For that
process, these conjugates were attached to IDE through
a CDI chemical linker. In both cases, the linker CDI was
used to create the chemical bond between the substrate
and biomolecule. To do so, CDI was initially diluted in
30% ethanol at a concentration of 0.5 M and added to the
metal oxide IDE sensor surface for 1 h (RT). The unbound
CDI was eliminated by PBS buffer and used to immobilize
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4 Hu et al.

F IGURE 2 Fabrication process of the IDE. Different steps involved in the process are explained. Figure insets are the surface profile by
3D nanoprofilometry (3D-view) and scanning electron microscope images.

the aptamer–gold nanoparticle (GNP–aptamer) and
antibody–gold nanoparticle (GNP–antibody) conjugates.
To immobilize the aptamer, a biotin–streptavidin strategy
was followed. Briefly, 200 nM streptavidin was dropped
onto the CDI-attached surfaces and maintained at RT for
1 h. The free CDI surfaces were covered by ethanolamine.
Finally, a biotinylated GNP-aptamer (1 μM) was added
to the streptavidin-covered IDE. In the case of the
antibody–gold nanoparticle conjugate, this complex at a
concentration of 200 nMwas dropped onto a CDI-attached
surface and maintained for 1 h (RT). Then, the excess
CDI surfaces were covered with an ethanolamine solution
(1 M). These GNP–aptamer and GNP–antibody immo-
bilized sensor surfaces were used to identify cTnI, and
the detection performance was compared. The current
levels were recorded after each immobilization. All steps
were conducted under wet conditions, and washings were
performed between each immobilization process.

2.5 Detection of cTnI on
GNP–aptamer/antibody immobilized metal
oxide surface interfaces

cTnI was quantified on ethanolamine-blocked GNP–
antibody and GNP–aptamer immobilized surfaces. cTnI
at a concentration of 100 pM was allowed to interact

separately on the GNP—aptamer- and GNP–antibody-
modified electrodes. After washing the surface with PBS,
the current (before and after interaction with cTnI) was
recorded to test the affinity of cTnI to the aptamer and
antibody. Unless otherwise stated, all biomolecular mod-
ifications and interaction steps were performed under wet
conditions with washing between each step. The obtained
values were the averages of replicates.

2.6 Limit of cTnI detection on aptamer-
and antibody-modified metal oxide
electrodes

The detection limit of cTnI by its antibody and aptamer
was calculated by interaction with cTnI concentrations
from the lowest attomolar (100 aM) to picomolar (100 pM)
levels. The prepared solutions were dropped individually
on the GNP–antibody- and GNP–aptamer-modified sur-
faces. After the washing steps, the current changes were
recorded, and the differences were plotted in Excel to esti-
mate the detection limit. The limit of detection (LOD) was
considered the lowest concentration of an analyte on the
calibration line at low concentrations against the back-
ground signal (S/N = 3:1; LOD = standard deviation of the
baseline + 3σ).
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2.7 Sandwich patterns of the
antibody-cTnI-aptamer and aptamer-cTnI-
antibody

To enhance the detection of cTnI, antibody-cTnI-aptamer
and aptamer-cTnI-antibody strategies were carried out on
metal oxide IDE sensor surfaces. For the antibody-cTnI-
aptamer sandwich, 1 μM aptamer was dropped individ-
ually onto GNP-antibody-cTnI (from 100 aM to 100 pM)
immobilized metal oxide IDE surfaces and maintained for
30 min. After washing, the current changes were noted
and compared. In the aptamer-cTnI-antibody sandwich,
200 nM antibody was dropped individually onto GNP-
aptamer-cTnI (from 100 aM to 100 pM) immobilized IDE
surfaces and maintained for 30 min. The current levels
were noted for comparison.

2.8 Selective and specific detection of
cTnI on aptamer- and
antibody-immobilized metal oxide surface
interfaces

Three control experiments with different biomolecules
were used to confirm the selective detection of cTnI. In
the case of cTnI and aptamer detection, the control exper-
iments were analyzed with (i) a complementary sequence
of the aptamer, (ii) the interaction with cTnT, and (iii)
no aptamer. Similarly, for the cTnI and antibody interac-
tions, the control experiments were carried out with (i)
nonimmune antibody, (ii) interaction with troponin T, and
(iii) no antibody. The results of these control experiments
were compared with the specific detection of cTnI with
its aptamer and antibody. Further, the specific detection
of cTnI was carried out by spiking cTnT in a 1:100 dilu-
tion of human serum. Other experimental setups were
established as described above. Unless otherwise stated, 10
mM PBS (pH 7.4) was used to maintain the conditions for
biomolecular interaction, and the same buffer was used to
maintain the wet sensing surface during measurements.
A thorough washing was performed between each surface
modification or interaction by this buffer using 10 reaction
volumes. Current–volt measurements were from 0 to 2 V
at 0.1 V interval by a picoammeter, and the obtained values
were averaged from three independent experiments.

3 RESULTS AND DISCUSSION

MI, also called a “heart attack,” is caused by the death
of heart muscle due to the prolonged lack of oxygen
supply. Rapid identification of MI is mandatory for inter-

vention and treatment of mortality and morbidity.34 The
present researchwas aimed to detect the cardiac biomarker
troponin I (cTnI) via interactions with its antibody and
aptamer on an IDE electrochemical sensor. Figure 1
depicts the schematic explanation of cTnI identification by
using aptamer-cTnI-antibody or antibody-cTnI-aptamer
sandwich patterns on the metal oxide IDE surface. Ini-
tially, the surface profile of the IDE was observed by 3D
nanoprofilometry and scanning electron microscopy, and
the observed image indicated that the electrodes were
properly fabricated, forming uniformly arranged gaps and
fingers on the surface (Figure 2; inset). The IDE utilized
in this study was originally designed by AutoCAD soft-
ware with the desired dimensions as follows: length, 9000
μm; diameter, 3500 μm; two probing points of 1000 μm
square and gap and finger regions (18 pairs) with a 5-
μm thickness. The gap regions were designed as 90 μm,
and they formed fingers of 110 μm. Aptamer/antibody-
conjugated GNPs were attached to the IDE by using a CDI
chemical linker, and cTnI was detected. To immobilize the
aptamer, a strategy taking advantage of the strong binding
affinity of biotin–streptavidin was followed. Streptavidin
was chemically immobilized on the metal oxide IDE sen-
sor surface, and then the biotinylated aptamer interacted
with it. Thismethod of immobilization enhanced the num-
ber of aptamers bound on the sensing surface. Various
sensing surfaces have proven the efficient detection of
biomolecules through this method of immobilization.35
On the GNP-aptamer-modified surface, cTnI was detected
and sandwiched by its specific antibody. Similarly, chemi-
cally immobilized GNP antibody interacted with cTnI and
sandwiched with the aptamer. Herein, these two methods
of determination were compared to improve the efficiency
of cTnI detection.

3.1 Comparison of aptamer and
antibody modification on the metal oxide
surface

GNP–aptamer and GNP–antibody immobilization on the
IDE sensor was compared. Figure 3A explains the pro-
cess of GNP–antibody immobilization on the IDE sensor
through the CDI linker. As indicated in Figure 3A, the bare
surface current level was 9.36 nA, and upon adding CDI
the value was increased to 405 nA. This current change
attests to the attachment of CDI on themetal oxide surface.
Further, the GNP antibody was added, and the current
level was changed to 856 nA, representing a difference
of ∼451 nA. Finally, when ethanolamine was dropped,
the response of the current was enhanced to 1080 nA.
In the case of GNP–aptamer immobilization, after adding
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6 Hu et al.

F IGURE 3 (A) Antibody-gold nanoparticle immobilization on the IDE sensor; 200 nM antibody was immobilized on the IDE sensor
through a CDI chemical linker, and the surface was blocked by ethanolamine. (B) Aptamer-gold nanoparticle immobilization on the IDE
sensor; 200 nM streptavidin was immobilized on the IDE sensor through a CDI chemical linker, and then, the surface was blocked by
ethanolamine. On the surface, the biotinylated aptamer was allowed to interact. The current clearly changed after each immobilization step.
Figure insets display diagrammatic representation

streptavidin, the current increased from 533 to 44,700 nA.
The difference in current was noted to be 446 nA. After
the addition of ethanolamine, the current was enhanced
further to 63,200 nA. Finally, after the biotinylated GNP
aptamer was added, the current changed to 192 nA, and
the difference in current was found to be 62,900 nA. Com-
pared with GNP–antibody immobilization, GNP–aptamer
immobilization shows larger changes in current due to the
differences in charge. Stronger binding of biotinwith strep-
tavidin enhanced the interaction of biotinylated aptamers
with streptavidin (Figure 3B).

3.2 Comparative detection of cTnI by
aptamer and antibody on metal oxide
surface interfaces

On the GNP–aptamer and GNP–antibody surfaces, 100
pM cTnI was added, and the interaction of cTnI with
its aptamer and antibody was compared. As seen in
Figure 4A, the ethanolamine-blocked surface displays a
current level from 1080 to 77.1 nA, representing a difference
of 19,700 nA. The current changes confirmed the binding
of the antibody with cTnI. Similarly, for the interaction of
the aptamer and cTnI, the aptamer-modified surface indi-
cates a current level of 19,200 nA; after the addition of cTnI,
the current level increased to 63,200 nA, and the change
in current was 44,000 nA. (Figure 4B). This change is ∼2
times higher than that with cTnI detection by the anti-
body. This result might be due to the strong binding of
the aptamer with cTnI, and the higher number of immo-
bilized aptamers that interacted with more cTnI. Further,
the aptamer was conjugated with GNP, displaying a larger

response on the IDE surface and attractingmore cTnI. The
inset of Figure 4B shows the GNP–aptamer attachment
on the metal oxide IDE surface as observed by scanning
electron microscopy.

3.3 Comparison of the detection limit of
cTnI by GNP–aptamer and GNP–antibody

To calculate the cTnI detection limit by the aptamer and
antibody, cTnI concentrations from 100 aM to 100 pMwere
placed individually on GNP–aptamer- and GNP–antibody-
modified surfaces and the current changes were recorded
for comparison. Figure 5A shows the data for different con-
centrations of cTnI interacting with its antibody. As shown
in the figure, when 100 aM cTnI interacted, no signifi-
cant difference in current was noted after ethanolamine
blocking. Then, enhancing the concentration to 1 fM
decreased the current level from 1520 to 932 nA. Further,
when the cTnI concentration was increased to 0.01, 0.1,
1, and 10 pM, the current level decreased gradually to
40.8, 22.6, 14.3, and 77.1 nA, respectively. The results indi-
cated a clear dose dependence of cTnI with its antibody
from 1 fM cTnI. A similar titration was performed on the
aptamer-immobilized surface. As indicated in Figure 5B,
the aptamer-modified surface displays a current of 19,200
nA; after the addition of 100 aM cTnI, the current changed
to 45,700 nA, and the difference was found to be 26,500
nA. This result clearly shows the detection of 100 aM cTnI
on the aptamer-attached surface, while it could not be
detected on the antibody surface. With further increases
in the cTnI concentration on the aptamer surface to
0.001, 0.01, 0.1, 1, and 10 pM, the current levels decreased
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F IGURE 4 cTnI detection on the (A) antibody-modified surface and (B) aptamer-modified surface; 100 pM cTnI was used. With the
aptamer, larger current changes were noticed than with the antibody. Figure insets display the diagram and gold nanoparticle attachment on
the surface as observed by scanning electron microscopy.

F IGURE 5 Detection limit of cTnI on the (A) antibody-modified surface and (B) aptamer-modified surface. On the antibody-modified
surface, from 1 fM cTnI, a clear change in current was noticed, while on the aptamer-modified surface, the change in current was detected
from 100 aM cTnI. Figure insets display diagrammatic representation

gradually to 47.7, 50.9, 55.8, 60.1, and 63.2 nA, respectively.
At all cTnI concentrations, the aptamer surface shows
higher changes in current than the antibody surfaces.

3.4 Comparison of sandwich patterns of
antibody-cTnI-aptamer and
aptamer-cTnI-antibody

To improve cTnI detection, the antibody-cTnI-aptamer
and aptamer-cTnI-antibody sandwich patterns were eval-
uated on a metal oxide IDE sensing surface. Figure 6A
shows the results obtained from the sandwich pattern of
GNP-antibody-cTnI-aptamer. The aptamer was dropped
on GNP-antibody-cTnI (from 100 aM to 100 pM) sur-
faces, and the current variations were noted. It was found
that on the 100 aM cTnI surface, there was no signifi-
cant change after adding the aptamer. This result might

be due to decreased or no cTnI interaction on the sens-
ing surface. Further, with higher concentrations of cTnI
(0.001, 0.01, 0.1, 1, and 10 pM), clear current changes of
1030, 557, 553, 455, and 647 nA, respectively) were observed
on the aptamer-immobilized surfaces (Figure 6B). Based
on this result, it is concluded that after sandwiching
by the aptamer, there is an increase in the current at
lower cTnI concentrations; however, a similar detection
is retained. Similarly, 200 nM antibody was dropped on
GNP-aptamer-cTnI (from 100 aM to 100 pM) surfaces, and
current variations were noted. From 100 aM to 100 pM
cTnI, the current levels all increased after sandwiching
with the antibody was performed (Figure 6C). As shown
in Figure 6D, at higher concentrations of cTnI, a clear
decrease in current was seen upon adding the antibody,
indicating clear detection by the aptamer-cTnI-antibody
sandwich. The primary difference originates from the
number of molecules interacting with the target, which is

 14708744, 0, D
ow

nloaded from
 https://iubm

b.onlinelibrary.w
iley.com

/doi/10.1002/bab.2380 by T
singhua U

niversity L
ibrary, W

iley O
nline L

ibrary on [05/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



8 Hu et al.

F IGURE 6 (A) Detection of the antibody-cTnI-aptamer sandwich pattern. The aptamer was dropped on antibody-cTnI (from 100 aM to
100 pM)-modified surfaces. From 1 fM cTnI, current changes were noticed. (B) Comparison of current changes by interacting cTnI with the
antibody and aptamer. (C) Detection of the aptamer-cTnI-antibody sandwich pattern. The antibody was dropped on aptamer-cTnI (from 100
aM to 100 pM)-modified surfaces. From 100 aM cTnI, current changes were noticed. (D) Comparison of current changes by interacting cTnI
with the aptamer and antibody. Error bars are based on average values with replicates.

determined by the affinity of the probe (aptamer/antibody)
and the size. If the capture molecule has a high affinity
for the target, then more target molecules will interact.
Usually, aptamers have been found to exhibit a higher
affinity and smaller size than antibodies. For the same
reasons, the current study shows differences between the
antibody-cTnI-aptamer and aptamer-cTnI-antibody sand-
wich patterns. In this work, the aptamer played an efficient
role as the capture probe and attracted a higher level of
cTnI molecules, leading to improved detection.

3.5 Linear regression: Sensitivity
analysis

Correlations between variables were graphically analyzed
using the slope of the regression line, alongwith the covari-
ance of the model (R2) and the standardized correlation
coefficient. With aptamer-cTnI and antibody-cTnI, the
estimated R2 values were 0.9922 and 0.9002, respectively,
whereas the antibody-cTnI-aptamer and aptamer-cTnI-
antibody sandwich patterns produced the same R2 value of
0.9732. The LOD was analyzed by calculating the standard
deviation of the baseline+ 3σ. The detection limit with the
aptamer-gold-cTnI-antibody assembly was 100 aM, while
it was 1 fM with the antibody-gold-cTnI-aptamer assembly
(Figures 7A and 8B).

3.6 Control experiments for specific
detection of cTnI

Three control experiments were performed to check the
specific detection of cTnI. On the surfacewith the antibody
as the probe, the controls were nonimmune antibody, tro-
ponin T, and no antibody. Based on the obtained results,
these surfaces did not indicate any particular current
changes compared with that for the specific interaction
(Figure 8A). Similarly, on the streptavidin-biotinylated
aptamer-modified surface, the controls were complemen-
tary aptamer sequences, troponin T, and no aptamer. As in
the above case, the controls did not exhibit any significant
current increase compared with that for the specific detec-
tion experiment (Figure 8B). These results indicate the
specific detection of cTnI on the GNP–aptamer- and GNP–
antibody-modified metal oxide IDE surfaces. Further, for
applications with clinical samples, cTnI was spiked in
diluted human serum. As shown in Figure 9, spiking
cTnT in human serum did not significantly influence the
current response at all cTnI concentrations compared to
cTnT-spiked PBS (as in Figure 6), indicating the specific
detection of cTnI.
The present study has primarily displayed the current

value changes upon molecular attachment or interaction
either during surface modification or molecular assembly.
The differences in the current value output support these
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Hu et al. 9

F IGURE 7 Comparison of the current difference for (A) cTnI on the antibody and aptamer on cTnI. (B) cTnI on the aptamer and
antibody on cTnI. Linear regression analyses were performed, and the sensitivities were estimated by 3σ. Error bars are based on average
values with replicates.

F IGURE 8 Control experiments for the specific detection of cTnI. (A) On the antibody surface. Nonimmune antibody instead of cTnI
antibody, troponin T instead of cTnI, and no antibody were tested. (B) On the aptamer surface. Complementary instead of aptamer sequences,
troponin T instead of cTnI, and no aptamer were tested. In both experiments, the control experiments did not show significant changes in
current, indicating the specific detection of cTnI. Error bars are based on average values with replicates.

F IGURE 9 Specificity analysis in spiked serum. (A) Current changes by interacting cTnI with the antibody and aptamer. (B) Current
changes by interacting cTnI with the aptamer and antibody. cTnI at different concentrations was spiked in 1:100 diluted serum. Error bars are
based on average values with replicates.
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10 Hu et al.

surface changes and occur through the process or mecha-
nism called the “dipole moment.” These dipole moments
are due to ionic movement or ionic exchange in the reac-
tion media placed on the sensing surface. Since IDE has
two electrodes (positive and negative) to recognize these
alterations, there were current value changes measured by
a picoammeter at the desired current ranges.30,33

4 CONCLUSIONS

The incidence of CVD is increasing every year, affecting
populations worldwide. According to the World Health
Organization, the incidence of CVD is expected to increase
more in the coming years. Among other CVD-related
occurrences, MI is highly correlated with cardiac arrest
and heart attack, leading to death and damage to other
organs of the body. The current research is focused on
detecting the cardiac biomarker troponin I (cTnI) and
quantifying it on a metal oxide IDE surface by using
antibody-cTnI-aptamer and aptamer-cTnI-antibody sand-
wich patterns. The LOD of cTnI was found to be 1 fM with
the antibody and 100 aM with the aptamer. Moreover, the
aptamer-cTnI-antibody sandwich pattern improved the
current level at all cTnI concentrations tested. A higher
specificity for cTnI was observed in the control experi-
ments involving a complementary aptamer and discrim-
ination against troponin T. The demonstrated strategies
provide different options for developing sensing methods
with dual probes.
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