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Abstract

An ultrasensitive electrochemiluminescence (ECL) disposable aptamer sensor (aptasensor) is presented for detection of myocar-
dial infarction biomarker by quantification of troponin I in blood serum. A screen-printed electrode was modified with (a)
aptamer-modified gold nanoparticles, (b) cyclometallated iridium(IIl)-poly-4-vinylpyridine nanoparticles, and (c) nitrogen-
doped graphene in order to increase the loading capacity and conductivity of the aptasensor. If the aptasensor is exposed to
troponin I, it will bind to the aptamer and desorb the aptamer from gold nanoparticles and the surface of the electrode. This
generates an enhancement in ECL emission depending on troponin I concentration. ECL emission is strongly improved by
aggregation-induced phenomenon, which is caused by inhibition of the water and oxygen quenching effect on the iridium
complex ECL in aqueous media. Under optimum conditions, the aptasensor has a wide dynamic range that extends from 0.1
pM to 10 nM, with a 20 fM detection limit (S/N=3) and a relative standard deviation of 3.1%. The ECL aptasensor was
successfully applied to 20 individual human serum for the detection of troponin I biomarker.

Keywords Biosensor - Aptamer - Carbon screen-printed electrode - Gold nanoparticles - Ionic liquids - Troponin I - Acute
myocardial infarction - Cardiovascular diseases - Human serum analysis.

Introduction

Troponin I (TI) is one of the important biomarkers that indi-
cates the acute myocardial infarction (MI) occurrence, as the
most life-threatening sorts of cardiovascular diseases, in the
human body. In general, elevation in TI concentration in human
blood is mostly in concern of MI [1]. In normal people, 0.5 to
2.0 ng.mL™" TI in blood serum is a safe borderline. However,
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after MI outbreak, TI concentration will raise up to 50 ng.mL ™"
within 3—6 h, and finally, reach a level around 550 ng.mL_1 [2].
This concentration still remains elevated for 6-8 days, which
shows a very wide diagnostic window for early detection [3].
Conventional TI detection methods such as mass spectroscopy
[4], fluorescence [5] and surface-enhanced Raman spectrosco-
py [6] suffer from many drawbacks including time-consuming,
low sensitivity and high cost.

Electrochemiluminescence (ECL) is a process where
excited state luminophores generate at the electrode sur-
face by a high-energy electron transfer reaction [7]. ECL
provides many advantages including high sensitivity,
good selectivity, low background, wide linear range and
low cost which make it a powerful technique in the chem-
ical and biochemical analysis [8]. Hogan and coworkers
introduced metallopolymers nanoparticles (MPNPs), such
as cyclometallated iridium(I1I)-polyvinylpyridine polymer
nanoparticle (CIPNPs) [9]. CIPNPs showed higher lumi-
nescence quantum yield compared to conventional
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Ru(bpy);>* in aqueous media [9]. MPNPs also offer
aggregation-induced ECL which comes from important
protection of cyclometallated iridium(IIl) complex against
quenching process in aqueous media [10]. Therefore,
CIPNPs can be used in order to increase ECL intensity
resulting in a higher sensitivity of the analysis. In addi-
tion, immobilization of ECL luminophore on electrode
surface can reduce the costs, enhance ECL signals and
simplify the biosensor and bioassay fabrication [11].

Aptamers are single-stranded nucleic acids that can
form a 3D specific structure and selectively bind target
analyte such as heavy metal ions, nucleic acids, proteins,
peptides, cells and micro-organism [12]. Most aptamers
obtained through a process called systematic evolution
of ligands by exponential enrichment (SELEX) [13].
Aptamers have a small size which has brought many ad-
vantages in biosensor and bio-assay technology including
high stability, high binding affinity and ease of modifica-
tions. Aptamers have grown many attractions and have
been widely used in biomolecules detection. Regarding
these advantages, numerous papers and book have already
been published covering aptamer applications in biosen-
sor and bioassay technology [14].

Nanotechnology is one of the most reliable strategy
for sensor fabrication in the chemical and biochemical
analysis [15—18]. There are many nanomaterials used in
chemical and biochemical sensing applications. Nitrogen-
doped graphene (NG) provides many advantages such as
high conductivity, good biocompatibility and it is one the
superior substrate for biosensor fabrication [19]. It is re-
ported that gold nanoparticles (AuNPs) are among the
most utilized nanomaterial for biosensor technology due
to their excellent binding with various biological recep-
tors [20]. In addition, Ghasemi et al. have reported im-
provement of electron transfer by using 1-octyl-3-
methylimidazolium hexafluorophosphate (IL) [21]. In
particular, significant development has been directed to-
wards the fabrication of ionic liquid-based electrochemi-
cal sensing layers.

A novel disposable ECL aptamer sensor (aptasensor)
for sensitive detection of TI have constructed. The bio-
sensing platform was fabricated with step by step immo-
bilization of NG, AuNPs-Apt and CIPNPs on carbon
screen-printed electrode (CSPE). The aptamer was bound
with AuNPs by electrostatic interaction. The synthesis,
electrochemical and aptsensor fabrication were character-
ized using x-ray photoelectron spectroscopy, high angle
annular dark-field imaging - transmission electron micros-
copy, x-ray diffraction spectroscopy, transmission electron
microscopy (TEM) and electrochemical impedance spec-
troscopy (EIS). Finally, the applicability of the aptasensor
was investigated in human blood samples and compared
with enzyme-linked immunosorbent assay (ELISA).
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Experimental
Materials and methods

Potassium hydrogen phosphate (99%), tris(2,2'-
bipyridyl)dichlororuthenium(Il) hexahydrate (99%), trisodium
citrate dehydrate (99%), potassium dihydrogen phosphate
(99%), potassium permanganate (99%), sulfuric acid (95%),
sodium hydroxide (97%), tripropylamine (TPA) (98%), mela-
mine (99%), iridium chloride hydrate (98%), poly(4-vinylpyr-
idine-co-styrene) (PVPsty) with molecular weight of 10° and 1-
octyl-3-methylimidazolium hexafluorophosphate (97%) were
purchased from Sigma-Aldrich Co (www.sigmaaldrich.com).
Tetrachloroauric(I1l) acid trihydrate (99%), hydrogen peroxide
(30%), tetrahydrofuran (99%) (THF), hydrochloric acid (37%)
and graphite flakes were purchased from Merck Chemical Co
(www.merckmillipore.com). Troponin I, troponin T (TT),
troponin C (TC), cytochrome C (CytC), hemoglobin (HEM)
and bovine serum albumin (BSA) were also purchased from
Sigma-Aldrich Co (www.sigmaaldrich.com). The Aptamer
(Apt) with the sequence 5" —~AGTCTCCGCTGTCC
TCCCGATGCACTTGACGTATGTCTCACTTTCTTTTC
ATTGA-CATGGGATGACGCCGTGACTG - 3’ was prepared
by Sinaclon Biotech (Iran) (www.sinaclon.ir). The CV and
ECL experiment was performed in the 0.1 M phosphate
buffered saline solution with pH 7.4. The ECL luminophore
used in this work (CIPNPs) synthesized with iridium precursor
complex [Ir(ppy),Cl], dimers. Synthesis of [Ir(ppy),Cl], was
done according to previous literature [9].

X-ray photoelectron spectroscopy, high angle annular dark-
field imaging - transmission electron microscopy, x-ray dif-
fraction spectroscopy and TEM experiment were performed
on K-alpha (Thermo Fisher, United Kingdom, www.
thermofisher.com) and Jeol JEM-2100F (Tokyo, Japan,
www.jeol.co.jp), respectively. EIS experiments were carried
out using potentiostat/galvanostate AUTOLAB PGSTAT 30
(Eco Chemie BV, Utrecht, Netherlands, www.metrohm-
autolab.com). EIS study was performed to monitor the
modification steps of the ECL aptasensor. The EIS
measurements were carried out in 1 mM Fe(CN)g> 74
containing 0.1 M KCI solution in the frequency range of
100 kHz to 1 mHz and DC amplitude of 10 mV. EIS results
were fitted using Levenberg-Marquardt algorithm (with 90%
accuracy) in PS Trace software version 5.1 (Palmsense,
Netherlands, www.palmsens.com) and results are shown in
Table S1. Electrochemical and ECL experiments were
performed on 4 mm diameter CSPE manufactured by
Dropsense (www.dropsens.com). CSPE consist of carbon
working electrode, carbon counter electrode and Ag/AgCl
printed reference electrode. ECL measurements were per-
formed in a dark black box. ECL light detector was a Perkin
Elmer photoluminescence LS 55 (USA, www.perkinelmer.
com) with voltage 800 V.
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Synthesis of cyclometallated iridium polymer
nanoparticles (CIPNPs)

As reported previously in the literature [9], a
cyclometallated iridium polymer (CIP) solution was pre-
pared by mixing 0.41 mM [Ir(ppy),Cl], and 4 mM
PVPsty in THF. Then, to prepare the polymeric nanoparti-
cles, 0.3 mL of the mixture THF solution was flash injected
into 6 mL of water under the ultra-sonic bath. The solution
was kept under ultra-sonication for 5 min. Then, THF was
evaporated by partial vacuum evaporation. The final solu-
tion of CIPNPs was utilized for further experiments.

Synthesis of nitrogen-doped graphene (NG)

Synthesis of NG was conducted through thermal anneal-
ing of graphite oxide and melamine. Graphite oxide was
synthesized according to previously reported literature
[19]. Briefly, 3.0 g of graphite was mixed with 70 mL
of H>SO4. 9.0 g of KMnO,4 was added to the solution
drop-wisely and then heated to 50 °C for 30 min.
500 mL of deionized water was added to the solution
following by addition of 15 mL hydrogen peroxide. The
brown solution was filtered and washed with water and
HCI solution. The solid was dried in a freeze-drier. The
resulting graphite oxide was mixed with melamine (1:5
mass ratio). The mixture was placed in a corundum tube
and thermally annealed at 800 °C for 1 h under argon
atmosphere. The final solid was cooled down to room
temperature and used in further experiments.

Synthesis of gold nanoparticles (AuNPs)

AuNPs was synthesized according to the Turkevich method
[22]. Briefly, 20 mL 1 mM of HAuCl, was placed on a stirring
hot plate at 90 °C. Then 2 mL of 1% trisodium citrate was
rapidly injected into the solution. The AuNPs gradually forms
and the solution becomes deep red. The final solution was
kept at 4 °C in a dark refrigerator.

ECL aptasensor fabrication

The ECL aptasensor was fabricated as presented in Fig. 1.
In the first step, CSPE was pretreated by applying 10
potential sweeps ranging from 0.9 to 1.5 V in various
electrolyte solutions including 1 M H,SO4, 1 M
NaHCOj; and 1 M Na,COs;. Electrochemical pretreatment
helped to remove organic contaminants and increases sur-
face roughness [23]. After electrochemical pretreatment,
CSPE was rinsed with deionized water and dried with
N, gas (99.999% pure). In the next step, 5 uL of an
aqueous solution containing 1 mg.mL™' NG was drop
casted on the CSPE surface and dried at room

temperature. A solution of 1 uM aptamer adsorption on
AuNPs was carried out for 1 h at 37 °C through electro-
static interaction. Then, CIPNPs solution was mixed with
IL and AuNPs-Apt solution (1:1:3 v:v:v). Then, 5 uM of
the resulting suspension was dropped on CSPE/NG. The
CSPE/NG/CIPNPs-IL-AuNPs-Apt electrode was kept at
room temperature for 30 min to evaporate the excess wa-
ter. The electrode was rinsed with 0.1 M phosphate buffer
saline solution with pH 7.4 and incubated in BSA for 1 h
to block non-specific binding sites. The aptasensor was
washed with deionized water and stored at 4 °C in a dark
refrigerator. In order to perform a comparative study, the
same procedure was applied to prepare CSPE/NG/
Ru(bpy)32+-IL-AuNPs and CSPE/NG/CIPNPs-IL-AuNPs.

ECL measurement of troponine | (TI)

The ECL aptasensor was incubated in a various concen-
tration of TI for 1 h at 37 °C. Then the aptasensor was
rinsed with 0.1 M phosphate buffer saline solution with
pH 7.4 and deionized water, respectively. Afterward, the
ECL measurements were performed over a scan range of
0-1.2 V vs Ag/AgCl in 0.1 M phosphate buffer saline
solution with pH 7.4 containing 5 mM TPA. The selectiv-
ity of the aptasensor was investigated in the same condi-
tion in presence of 100 pM HEM, 100 pM CytC, 100 pM
BSA, 100 pM TC and 100 pM TT.

ELISA procedure for patient samples

Human blood samples were obtained from 20 persons. Blood
samplings were carried out in a clinical lab, Bouali Hospital,
Sari, Iran (www.bouali.iautmu.ac.ir). TI concentration in all
20 samples determined by the ELISA procedure. ELISA was
performed in 96-well plates coated with streptavidin. After
plotting a typical calibration plot, each serum was extracted
and TI concentrations were measured by the ELISA kit. The
extracted serum samples were diluted with 0.1 M phosphate
buffer saline solution with pH 7.4 (in order to place within the
linear range of the ECL aptasensor) and the ECL aptasensor
was applied to samples.

Result and discussion
Characterization of nitrogen-doped graphene (NG)

TEM images of NG are displayed in Fig. 2a. Figure 2a shows
the typical structure of NG, the single thin and compact planar
sheets of NG are well separated and associated with each
other. This morphology indicated a high surface to volume
ratio of NG. Also, the structure of prepared NG was charac-
terized by XRD. The XRD pattern of the NG was investigated
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Fig. 1 ECL aptasensor fabrication procedure

and compared with literature (Fig. 2b). As shown in Fig. 2b, a
broad peak at 20 =26° and a small peak at 20 =42° attributed
to graphite and graphite-like structure. The absence of a peak
at 20 = 12° suggest the successful reduction of GO by thermal
annealing procedure. Clearly, the conformation of NG is con-
firmed with the previous reports.

Raman spectroscopy is a useful method to characterize
NG. In Fig. 2c, the D, G, and 2D bands are shown at around
1320-1350, 1570-1585 and 2640-2680 cm ', respectively.
The G band corresponds to doubly degenerate E,, phonons
at the Brillouin zone. The D band with A, symmetry repre-
sents the sp”C with defects which confirms the edge defects,
dangling bonds, vacancies and topological defects.

The FTIR spectra of NG is presented in Fig. 2d. As shown in
Fig. 2d, a weak peak at around 1742 cm™ " corresponds to C = O
groups. C — C and C — O stretching peaks are observed at 1160
and 1032 cm . In addition, the peak at 1556 cm™ " assigned to
the superposition of the vibration of C =N bond, which is the
evidence of nitrogen doping in graphene structure.

X-ray photoelectron spectroscopy is the most important
technique to investigate nitrogen doping in graphene structure.
In x-ray photoelectron spectra (Fig. 2e), three major peaks at
287 eV, 400 eV and 533 eV representing carbon 1 s, nitrogen
1 s and oxygen 1 s is observed, respectively. The carbon 1 s
region includes C — C (284.6 V), C — OH (285.8 ¢V),C=0
(287.1 eV), C —N (289.1 eV). The nitrogen 1 s region can be
divided into three peaks at 397 eV, 399 ¢V and 401 eV
representing pyridinic, pyrolytic and graphitic nitrogen in
NG structure, respectively. In addition, peaks at 532.5 eV
and 533.9 eV assigned to C=0 and C — OH bonds. These
results clearly prove the doping of nitrogen atoms in NG struc-
ture. In addition, high angle annular dark field-TEM elemental
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map (Fig. 2f) shows the homogeneous doping of nitrogen in
NG nano-sheets. All of these findings suggest an appropriate
synthesis of NG by the thermal annealing method.

AuNP synthesis and aptamer adsorption

TEM images of AuNPs are shown in Fig. S1. It can be seen
that the average size of colloidal AuNPs are 18 nm. Also,
the UV-Vis spectrum of AuNPs shows an absorption peak at
520 nm (Fig. S2). AuNPs are known for their distinct optical
feature referred to localized surface Plasmon resonance
(LSPR) which results in a strong absorption at around
500-600 nm [24]. Zeta potential measured for AuNPs,
aptamer and AuNPs-Apt. Zeta potential for AuNPs, aptamer
and AuNPs-Apt were+24.2 mV, —18.3 mV and +4.6 mV,
respectively (Fig. S3). The positively charged AuNPs and
negatively charged aptamer can support the electrostatic ad-
sorption of aptamer on the surface of AuNPs.

In order to prove the electrostatic adsorption of the
aptamer on the surface of AuNPs, TEM and UV-Vis spec-
troscopy have been performed. When an appropriate
amount of NaCl added to the AuNPs solution, the LSPR
UV-Vis absorption peak decreased gradually (Fig. S4).
These changes indicate AuNPs aggregation in presence
of salt induction. However, by addition of NaCl to
AuNPs-Apt solution, LSPR UV-Vis absorption peak
shows a negligible change (Fig. S4). This result suggests
that aptamer serves as a stabilizer and prevents AuNPs
salt-induced aggregation [25]. Also, TEM images show
salt-induced aggregation of AuNPs in the solution without
addition of aptamer (Fig. S5). On the contrary, the addi-
tion of NaCl to the AuNPs-Apt solution shows no salt-
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Fig. 2 TEM image (a), x-ray dif- a
fraction spectra (b), Raman spec-

trum (c), FTIR spectrum (d) and

x-ray photoelectron spectrum (e)

of NG. High angel annular dark
field-TEM map of nitrogen dop-

ing (purple dots) in NG (f)
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induced aggregation (Fig. S5). Therefore, it is presumed
that the aptamer was successfully adsorbed on the surface
of the AuNPs.

Synthesis of cyclometallated iridium(lll)
-polyvinylpyridine polymer nanoparticles (CIPNPs)

TEM images (Fig. 3a) shows a spherical morphology of the
CIPNPs with an average size of 43 nm. The photoluminescence

and UV-Vis measurements (Fig. 3b, c) reveals that the absorp-
tion spectrum in relatively broad and without any unique fea-
tures, indicating scattering effect. Meanwhile, the emission pro-
file is much higher than CIP in THF media. This indicates that
LLCT/MLCT transitions are not affected by the quenching
effects including solvent and oxygen. In fact, the aggregation
of the iridium complex causes significant protection against
water and oxygen quenching effects. This exceptional im-
provement for CIPNPs is due to aggregation-induced ECL
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Fig. 3 TEM image of CIPNPs a
(a), PL emission spectrum of CIP
and CIPNPs (b) and UV-Vis »
spectrum of CIP and CIPNPs (c)
L] L
L]

where the PVPsty aggregates in water and protect the emitting
centers from quenching agents in aqueous media [9].

Electrochemical characterization of the aptasensor

Prior to the EIS study, the effective surface area of the elec-
trode was calculated using the Randles-Sevcik equation:

1
1, = (269 x 10502 AD,/>Cv' /- (1)

Where v is the sweep rate of potential, A is the effec-
tive surface area, D is the diffusion coefficient, Co* is the
probe concentration, n is the number of the electron trans-
ferred in the redox reactions and 1, is the peak current of
the redox couple. The effective surface area (A) is pro-
portional to Ip/v]/z. Cyclic voltammograms of the CSPE
and modified CSPE were performed in a solution contain-
ing 0.1 M KCI and 10 mM K;3Fe(CN) at different poten-
tial sweep rates. The effective surface area of the elec-
trodes were extrapolated from the Randles-Sevcik equa-
tion [26] and summarized in Table S2.

The EIS Nyquist plots and the equivalent circuit are pre-
sented in Fig. 4a, b. At high frequencies, the CSPE exhibits
a semicircle domain relating to capacitance and charge
transfer resistance (R.,). The bare CSPE shows a small R
(405 ) indicating a fast electron transfer process of the
probe. Modification of the bare CSPE by NG decreases
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the Ry, (302 2) but increases the capacitance impedance of
the electrode which is related to electrochemical double lay-
er of the electrode surface. In Table S1, it can be seen that by
modifying the electrode surface with NG, the effective sur-
face area of the electrode increases from 7.2 mm? to
26.3 mm?, which is in consistent with EIS results. This is
explained by excellent conductivity and high surface area of
NG. The next step is the modification of the CSPE/NG sur-
face by CIPNPs-IL-AuNPs-Apt which increases the R,
(1168 2). This demonstrates the electron transfer preven-
tion by aptamer on the surface of the electrode. Also, the
Table S2 shows a slight improvement of the effective sur-
face area of the electrode after modification with CIPNPs-
IL-AuNPs-Apt which is related to the presence of AuNPs on
surface of the electrode. The incubation of BSA on the elec-
trode causes further increase to R (1823 €2) and reduce the
effective surface area of the electrode. This can be explained
that BSA blocks non-specific site of the electrode surface
and reduce the effective surface area of the electrode. By
addition of TI to the solution, the R, decreases (869 (),
which demonstrates that aptamer sequences successfully
binds to TI and releases from the surface of the electrode.

ECL performance of the aptasensor

The ECL emission of CIPNPs compared with the bench-
mark Ru(bpy);>* in the 0.1 M phosphate buffer saline
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Fig. 4 Nyquist plot of ECL
aptasensor in each modification
step in 1 mM Fe(CN)g® "+
containing 0.1 M KClI solution (a)
and the equivalent circuit (b). The
ECL signal of ECL aptasensor in
each modification step in 0.1 M
phosphate buffer saline solution
pH 7.4 solution containing 1 mM
TPA (¢)
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solution with pH 7.4 containing 0.1 mM TPA (Fig. S6). Two
electrodes fabricated without aptamer, first CSPE/NG/
Ru(bpy);>*-IL-AuNPs and the other one was CSPE/NG/
CIPNPs-IL-AuNPs. The ECL emission of both electrodes
is shown in Fig. S6. It can be seen that the ECL emission of
CSPE/NG/CIPNPs-IL-AuNPs is 15 times higher than
CSPE/NG/ Ru(bpy);**-IL-AuNPs. It is reported that
iridium-based luminophores have many favorable attributes
such as high quantum yields and lifetime [27]. Despite that,
application of iridium-based luminophores is limited due to
their poor performance in aqueous media [10]. The superi-
ority of CIPNPs over benchmark Ru(bpy);** in aqueous
media arises from aggregation-induced ECL which protects
the CIPNPs from quenching effects. These results confirm
that CIPNPs proves to be much more sensitive ECL probe
than benchmark Ru(bpy)32+. The ECL mechanism of
iridium-based luminophores has been extensively studied
in the literature [28] and represented as follows:

Ir(ppy);—¢ —Ir(ppy);
TPA—e —[TPA']"—>TPA" + H'
Ir(ppy); " + TPA —Ir(ppy); -+ products

Ir(ppy); —Ir(ppy); + hv

The ECL behavior of the ECL aptasensor was studied
in each modification process and the results are shown in
Fig. 4c. The ECL measurements and linear sweep volt-
ammetry (LSV) were performed simultaneously. LSV ex-
periment was carried out in potential range 0—1 V with the
sweep rate of 50 mV.s ' in the 0.1 M phosphate buffer
saline solution with pH 7.4 containing 1 mM TPA as ECL
coreactant. The bare CSPE and CSPE/NG shows no ECL
signal. After modification of CSPE/NG with CIPNPs-IL-
AuNPs-Apt, an obvious ECL signal can be observed. This
can be explained by inert electron transfer of the aptamer
and BSA. Finally, TI addition dramatically increases the
ECL signal. TI interaction with aptamer is stronger than
electrostatic adsorption of aptamer on the surface of
AuNPs. Therefore, TI binds to aptamer and desorbs the
aptamer from the surface of the AuNPs and electrode.
This causes an improvement in the oxidation of ECL re-
agent species on the electrode surface and also the ECL
intensity. These results confirm the high specific affinity
of the aptamer toward the TI biomarker. This enhance-
ment in ECL signal was used as a detection strategy for
determination of TIL.

Optimization of the method

The main parameters affecting the performance of ECL
aptasensor were optimized. These parameters include
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TPA concentration, aptamer adsorption time and TI in-
cubation time. Respective data and figures are shown in
the electronic supplementary information (Fig. S7-10).
The optimum conditions were pH 7.4, 1 mM TPA,
1 h adsorption time and 1 h incubation time and used
for further experiments.

Analytical performance of the ECL aptasensor

Under the optimum conditions, the ECL aptasensor re-
sponse shows a linear relationship with TI concentration
logarithm from 0.1 pM to 10 nM with the detection limit
of 0.02 pM (S/N=3) with the relative standard deviation
(RSD) of 3.1% (n=10 for blank solution) (Fig. 5a, b).
The correlation equation for ECL intensity and TI concen-
tration were 1=2220.30+ 157.11 LogCy; with the regres-
sion coefficient of 0.9974 (Fig. 5b). In addition, the repro-
ducibility of the ECL aptasensor was investigated for 5
separately fabricated aptasensor in consecutive days. Each
aptasensor was prepared in 5 different consecutive days
and applied to 0.1 M phosphate buffer saline solution with
pH 7.4 containing 0.1 pM TI at the same day. Also, it
should be noted that each sample solutions were prepared
daily. The respective ECL intensities are shown in Fig. Sc.
The RSD value of the 5 individual ECL aptasensor was
2.5%, suggesting the reproducible performance of the
aptasensor.

The analytical performance of the ECL aptasensor
was compared with previously reported literature in
Table 1 [29-35]. The performance of the ECL
aptasensor toward detection of TI is superior compared
to most of the previous studies. Also, method offer using
aptamer as bio-receptor which is, at least in this case,
easier to utilize compared to antibody bio-receptors. This
suggests that the ECL aptasensor possess high potential
for TI detection.

The selectivity of the ECL aptasensor was also studied in
the presence of HEM, CytC, BSA, TT, TC in a solution con-
taining 0.1 pM TL The results are shown in Fig. 5d. It can be
seen that in the presence of 100 pM of various interferences,
there is a negligible change in ECL intensity. This shows a
high affinity of aptamer toward TI which causes high selec-
tivity of the ECL aptasensor.

Regarding the analytical performance of ECL
aptasensor, it is verified that the ECL aptasensor can be
nominated as an ultrasensitive method for determination
of TI. Moreover, the ECL aptasensor can perform ultra-
sensitive detection of TI without any significant interfer-
ence effect. Also, a comparison study was performed
between IL, chitosan and Nafion as immobilizer of
cyclometallated iridium(IIl)-polyvinylpyridine polymer
nanoparticles (CIPNPs) and AuNPs on the surface of
the electrode (see S2 and Fig. S11). Immobilizing the
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provides a slightly higher ECL emission compared to the
other two. Therefore, IL was selected for aptasensor fab-
rication. In the next step, the ECL aptasensor was used
for detection of TI in real samples.
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(b). The ECL aptasensor response for 0.1 pM Tl in 5 consecutive days(c).
Effect of common interference (100 pM) on ECL aptasensor performance
for detection of 0.1 pM TI (d)

Application of the ECL aptasensor in early detection
of Tl

The ECL aptasensor was employed for the detection of
TI in human. Blood serum samples of 20 healthy persons

Table 1 Comparison between other methods for determination of cardiac biomarker TI
Method Bio- Signal generation Dynamic range Detection Ref
receptor limit
Chronoamperometry ~ Aptamer Catalytic reaction between hydrazine and H,O, 1-100 pM 1 pM [29]
Differential pulse Aptamer Oxidation of [Fe(CN)]* 1-1100 pM 0.18 pM [30]
voltammetry
ECL DNA Ferrocene 100 pM - 1 pM 0.016 pM [31]
Colorimetric Aptamer Biotin — aptamer and streptavidin—AuNPs 5-100 ng.mL " 5 ngmL™’ [32]
based dot blot assay
Colorimetric Antibody Darkness of silver deposition was relative 0.01-10 ng.mL"" 0.01 ngmL ™" [33]
to the amount of antigen
Differential pulse Aptamer Oxidation of [Fe(CN)]* 1 pgmL ' — 100 ngmL™’ 1 pg mL™' [34]
voltammetry
Photoelectrochemical ~ Antibody Graphene quantum dot doped with 0.001 ngmL ' —50 ngmL™" 0.3 pgmL™"  [35]
sensor nitrogen and sulfur
ECL Aptamer CIPNPs 0.1 pM - 10 nM 0.02 pM Current work
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Table 2 The TI level in human samples detected by ELISA and ECL
aptasensor

Sample  TI level using TI level using ECL Condition
number  ELISA (ngmL™")  aptasensor (ng.mL ")

1 0.3 0.31 negative
2 0.1 0.13 negative
3 0.2 0.22 negative
4 0.2 0.21 negative
5 04 041 negative
6 0 0.01 negative
7 0.3 0.31 negative
8 04 043 negative
9 2.3 235 positive
10 4.1 441 positive
11 0.7 0.79 positive
12 1.3 1.42 positive
13 2.6 2.71 positive
14 4.5 4.55 positive
15 0.8 0.88 positive
16 9.1 9.21 positive
17 53 532 positive
18 43 431 positive
19 0.9 0.96 positive
20 32 331 positive

and patients were analyzed with both ELISA kit and the
ECL aptasensor. The quantitative levels of TI in all sam-
ples are shown in Table 2. The ECL aptasensor success-
fully managed to successfully differentiate between
healthy persons and patients.

Conclusion

In summary, a novel ECL aptasensor for early detection of
MI based on quantification of TI was introduced. The
ECL aptasensor shows high sensitivity and selectivity to-
ward label-free determination of TI in human blood se-
rum. The NG effectively increases the loading capacity of
CIPNPs on the surface of the electrode. CIPNP shows
much higher ECL intensity compared to benchmark
Ru(bpy)s>* due to aggregation-induced ECL phenomenon
and great ECL properties of the iridium-based complex.
Furthermore, due to the critical importance of the MI ear-
ly diagnosis, fabrication of TI bioassay is a crucial
achievement in health science. This method can be nom-
inated as an alternative method to other conventional
method for detection of TI.

Compliance with ethical standards There are no conflicts to
declare.
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