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ARTICLE INFO ABSTRACT

Keywords: Objective and rationale: This study aimed to develop a highly sensitive and selective single-
Cardiac troponin stranded DNA (ssDNA) aptamer targeting cardiac troponin I (cTnl), a crucial biomarker for
Aptamer

acute myocardial infarction (AMI). The objective was to fabricate a novel aptamer electro-
chemical sensor using a composite material of cobalt-nickel metal-organic framework (CoNi-
MOF) on screen-printed carbon electrodes (SPCE), leveraging the composite’s large surface area
and excellent electrical conductivity alongside the aptamer’s high affinity for cTnl.

Methods: The aptamer electrochemical sensor was fabricated using the CoNi-MOF composite on
SPCE and characterized its properties. They conducted electrochemical measurements to assess
the sensor’s performance in detecting cTnl. The sensor’s stability, reproducibility, and electro-
catalytic activity were evaluated.

Results: The sensor demonstrated linear detection of ¢Tnl over a concentration range of 5-75 pg/
mL, with a low limit of detection (LOD) of 13.2 pM. Remarkable stability and reproducibility
were observed in cTnl detection. The sensor exhibited exceptional electro-catalytic activity,
enabling accurate quantification of cTnl levels in various solutions.

Conclusions: This research presents a significant advancement towards the development of reli-
able, cost-effective, and easily deployable cTnl sensors for clinical applications. The sensor’s
versatility in detecting c¢Tnl across different concentration ranges highlights its potential utility in
diverse clinical settings, particularly for early detection and monitoring of cardiac conditions.

Metal-organic framework
Electrochemical
Diagnostic sensor

1. Introduction

Cardiovascular disease (CVD) remains the leading global cause of mortality, with acute myocardial infarction (AMI) contributing
significantly [1]. Cardiac biomarkers, such as cardiac troponin I (cTnl), are released into the bloodstream in response to heart muscle
damage or stress and play a critical role in diagnosing heart diseases, particularly AMI [2]. While various biomarkers exist, cTnl stands
out for its specificity towards cardiomyocytes, the specialized muscle cells within the heart. Biosensors have emerged as powerful tools
for detecting and quantifying biomolecules, including biomarkers, thereby leveraging advancements in biology and technology [3].
Electrochemical biosensors are particularly notable among biosensor technologies owing to their versatility and sensitivity. These
biosensors typically comprise a bio-recognition element, electrode interface, and electrochemical transducer, making them ideal for
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biomarker detection [4-7].

Conventional antibody-based sensors and carbon-based materials, particularly carbon nanotubes (CNT), and reduced graphene
oxide (rGO) have shown promise in electrochemical detection [8-10]. However, they suffer from limitations such as sensitivity to
environmental conditions, high production costs, limited availability, and stability issues [11-14]. To address these challenges, re-
searchers are exploring alternative bio-recognition elements, such as aptamers [15]. Aptamers, short, single-stranded DNA or RNA
molecules, offer advantages such as easy synthesis, increased stability, and greater specificity. Electrochemical aptasensors have
emerged as promising tools for the sensitive and selective detection of biomarkers, including cardiac troponin I (cTnl), a crucial in-
dicator of acute myocardial infarction (AMI) [16]. To further enhance sensor performance, researchers are incorporating
metal-organic frameworks (MOFs) into aptasensor platforms, capitalizing on their unique properties. MOFs offer large surface areas,
diverse functionalities, and tunable pore structures, all of which are essential for improving sensor performance. The high surface area
and porosity of MOFs enable increased analyte capture, resulting in enhanced sensitivity. Moreover, the customizable structural
properties of MOFs allow for precise tailoring to meet specific biosensing requirements through the modification of organic ligands.
This adaptability ensures improved stability and conductivity, maintaining consistent sensor performance across diverse environ-
ments, including physiological conditions, environmental hazards, and wearable sensors [17-23].

Although monometallic MOFs such as Cu-MOFs and Cr-MOFs have been used in biosensing applications, they frequently encounter
sensitivity and stability limitations. For instance, Hatami et al. (2019) developed a Cu-MOF-RGO nanocomposite-based aptasensor for
MUCI1 detection, achieving enhanced stability and reproducibility [24]. However, the inherent properties of monometallic MOFs can
restrict their overall performance. In contrast, bimetallic MOFs, such as ZnZr and TbFe, offer significant advantages. Zhou et al. (2019)
created a ZnZr bimetallic MOF aptasensor for detecting membrane protein tyrosine kinase-7 (PTK7), achieving a promising linear
range [25]. Similarly, Wang et al. (2019) synthesized TbFe-MOF nanostructures for detecting CA125 and MCF-7 cells, demonstrating
high sensitivity, excellent biocompatibility, and low detection limits [26]. These bimetallic frameworks offer superior performance
characteristics, rendering them well-suited for advanced biosensing applications. Therefore, the primary focus of this research is to
investigate an aptamer-based electrochemical biosensor, that incorporates Cobalt-Nickel MOF to enhance conductivity and enable
accurate and sensitive detection of cTnl, facilitating early diagnosis of AMI in human plasma. In addition to the integration of
Cobalt-Nickel MOF, the study also optimizes key parameters, such as the concentration of aptamers and the incubation time, to
enhance the sensitivity of the aptasensor developed in this study. By systematically fine-tuning these parameters, the aptasensor
achieves superior performance in detecting cTnl, enabling early diagnosis of acute myocardial infarction (AMI) with high sensitivity
and accuracy.

2. Materials and methods
2.1. Materials

Cardiac Troponin I from the human heart (cTnl), Bovine Serum Albumin (BSA), (3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC), and N-hydroxy succinimide (NHS) were acquired from Sigma Aldrich (USA). The amine-terminated comple-
mentary aptamer sequence for ¢Tnl (5-NH;—(CHz)s-CGTGCAGTACGCCAACCTTTCTCATGCGCTGCCCCTCTTA-3') was synthesized
from Priority Lifescience in Coimbatore. Spectrum supplied cobalt (II) nitrate hexahydrate (Co (NO3)26H20), whereas aluminium
nitrate hexahydrate (Al (NO3)39H>0) and nickel nitrate hexahydrate (Ni (NO3)26H20) were used as metal precursors. The linkers used
were 4, 4-bipyridine and 1, 3, 5-benzene tricarboxylic acid, both from Ottokemi and SRL chemicals. Pure Chems supplied the solvent
of choice, N, N-dimethylformamide (DMF). All the compounds utilized in this investigation were of analytical quality and did not
require additional purification.

2.2. Instrumentation for characterization and electrochemical

Field Emission Spectroscopy was used to analyze the morphological of the synthesized material (Carl Zeiss Microscopy). A Fourier
transform infrared spectrometer (Shimadzu IR affinity, Japan) with a spectrum range of 400-2000 cm ™! was used to analyze the
functional group properties of the newly synthesized compound CoNi-MOF. Energy dispersive X-ray spectroscopy (Bruker Quantex
EDS X-ray Spectrophotometer) was used to evaluate the morphological changes in these MOF. A monochromatic Cu Ka radiation (A =
1.54 A) was used with an X-ray diffractometer (XRD, Empyrean, Malvern Panalytical, United Kingdom) to examine the phase structure
and crystal arrangement of the materials. An Admiral Squidstat Plus electrochemical workstation was also used for electrochemical
experiments, notably differential pulse voltammetry (DPV), electrochemical impedance spectroscopy (EIS) and cyclic voltammetry
(V).

2.3. Synthesis of bimetallic MOFs

The experiment began by introducing 1.38g of cobalt (II) nitrate hexahydrate, 1.38g of nickel nitrate hexahydrate, 0.004g of
benzene tricarboxylic acid, and 0.74 g of 4,4-bipyridine into a beaker holding 1.32 ml of Triethylamine, and 80 ml of N, N-dime-
thylformamide (DMF). This mixture was later transferred into a Teflon autoclave reactor and maintained at a temperature of 120 °C for
24 h. Afterward, the solution was allowed to cool down to room temperature. The resulting product was subjected to a thorough
washing and filtration process involving ethanol, DMF, and water. The filtered material, known as CoNi-MOF, was then dried at 60 °C
for 24 h [27].
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2.4. Preparation of bimetallic MOF/SPCE electrode

The preparation of the Bimetallic MOF-modified Screen-Printed Carbon Electrode (SPCE) involved a meticulous step-by-step
electrochemical deposition process shown in Scheme 1. The MOF was deposited onto the SPCE in a 1:1 ratio of Ks [Fe (CN) ¢] and
the synthesized MOF, with 30 ml of phosphate-buffered saline (PBS) used. This electrodeposition process was conducted for sixty
cycles, employing a scan rate of 100 mV per second within the potential range of —0.6 V-0.8 V. Subsequently, the freshly prepared
Bimetallic MOF-modified SPCE underwent a thorough cleaning with water and was left to air dry at room temperature.

2.5. Fabrication of cTnl aptamer complex-enhanced bimetallic (Co, Ni) MOF on SPCE (cTnl/aptamer/CoNi-MOF/SPCE)

The reactivity of the prepared bimetallic CoNi-MOF coated SPCE was enhanced by uniformly activating the -COOH groups across
the electrode surface. This promotes efficient binding stability and increases sensor specificity. Surface functionalization was achieved
by drop-casting a mixture of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-hydroxy succinimide (NHS) chemistry,
followed by a 20-min incubation [28]. After functionalization, an amine-modified aptamer was prepared in a binding buffer holding
potassium chloride, sodium chloride, magnesium chloride and phosphate buffer solution. This aptamer specific to the cardiac troponin
I biomarker was hybridized onto the activated MOF/SPCE surface and dried using nitrogen gas forming amide bonds with amino
groups present on the aptamer. The aptamer provides selective detection and specificity towards cTnl in complex biological samples. A
4 pM solution (10 pL) of the cardiac troponin I aptamer was drop cast onto the prepared bimetallic CoNi-MOF coated SPCE for precise
coverage on the electrode over 21 h. The bio-functionalized Apt-cTnl/NOF/SPCE electrodes were stored in a refrigerator at 4 °C for
future use. Subsequently, a solution of the biomarker cTnI was drop cast onto the aptamer/CoNi-MOF/SPCE at room temperature for
40 min to form the aptamer-cTnl complex. The modified electrode was then rinsed with distilled water to remove any unbound
cTnl-aptamer [29].

2.6. Electrochemical detection of cTnl using fabricated aptasensor

The electrochemical behavior of the modified nanosensors is evaluated using cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) at various stages which includes material deposition, biofunctionalization of the electrode with aptamer and
bioconjugation with c¢Tnl biomarker. A solution holding potassium ferricyanide was used as an electrolyte for all electrochemical
studies. The scan rate for CV was 100 mV/s with the potential range of —0.6 V- +40.8 V. Cyclic Voltammetry (CV) and differential pulse
voltammetry (DPV) after aptamer binding on MOF/SPCE provided the electrochemical properties of the modified sensor by studying
the peak current changes. Similarly, CV and DPV studies after cTnlI binding to aptamers were conducted. The change in peak current
shows the presence and concentration of cTnl.

3. Results and discussions
3.1. Characterization of bimetallic MOF and bimetallic MOF/SPCE electrode

3.1.1. Basic characterization of bimetallic MOF

The materials prepared initially underwent powdered X-ray diffraction (PXRD) analysis to verify their crystalline nature and the
formation of MOF-derived materials. The PXRD results, as depicted in Fig. 1, show characteristic peaks corresponding to CoNi-MOF.
The observed high-intensity peaks closely align with previously reported data, confirming the consistency in the material’s crystalline
structure. Specifically, the obtained high-intensity diffraction peaks for CoNi at 26 values of 12.3, 12.9, 14.51, 15.59, 16.27, 17.131,
18.66, 21.89, 23.94, and 26.11° precisely match the pattern from earlier studies [30,31] (see Fig. 1).

Using Raman spectroscopy, the distinctive peaks associated with the metal-organic linker bonding in Co-Ni-BTC were further
examined. At 1006 cm ™}, the benzene ring with v (C=C) displays stretching vibration. The stretching vibration of v (COO™), which is
symmetric and asymmetric, is primarily responsible for the peaks at 1464 and 1525 cm ™. As a result of the effective synthesis of Co-
BTC MOF, Fig. 2 displays strong peaks at 471 and 667 cm’1, which correspond to the v Go—O) stretching vibration. At 423 cm ™}, the
important ¥(Ni-O) stretching vibration was detected. The separate monometallic MOFs (Co-MOFs and Ni-MOFs) are compared and
matched with the bimetallic CoNi-MOF [32].

The CoNi-MOFs FT-IR spectrum displays distinctive characteristics indicating metal coordination with the BTC linker. The
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Scheme 1. Schematic representation of aptamer based electrochemical detection of Cardiac Troponin-I.
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Fig. 2. Raman spectra of CoNi-MOF.

symmetric and asymmetric stretching modes of the coordinated (-COO-) group are evident in the strong absorption bands observed at
1620, 1575, 1441, and 1380 cm™), respectively. The absence of absorption bands between 1730 and 1690 cm’l suggests the
deprotonation of H3BTCs upon contact with metal ions. There is no absorption by the -COOH groups, supporting the transition of
H3BTC. In the CoNi BTC spectrum, a significant new band emerges between 758 and 722 cm ™" attributed to the out-of-plane vibration
of the organic ligands within the 1, 3, 5-substituted benzene core. Additionally, the stretching vibrations ring 5-OH and para-aromatic
CH groups are associated with the band at 639 cm™'. These findings shed light on the complex dynamics of the CoNi-MOF system,
revealing structural changes resulting from the interaction between the metal ions and the organic ligands [33,34] (see Fig. 3).

An energy-dispersive X-ray spectrometer and a FE-SEM were used to assess the morphological changes of the MOFs. Fig. 4(a and b)
illustrates the surface morphology of the CoNi-MOFs showing a nanolayered sheet morphology indicative of a more robust and
compact topology. EDX elemental mapping (Fig. 4(c-h) revealed well-distributed elements (C, N, O, Co, and Ni) within the synthesized
MOF. Additionally, the EDAX images demonstrate the presence of metal ions in the synthesized MOF (Figure S1). Table S1 displays the
percentage of elemental weight in the materials that were synthesized.

3.2. Aptasensor electrochemical performance for cTnl detection

The electrochemical performance of the SPCE was assessed during the aptamer immobilization on the CoNi-modified surface
electrode using a 5.0 mM [Fe (CN)g] 3-/4=golution holding 0.1 M KCl (Fig. 5). In Fig. 5, a series of cyclic voltammetry (CV) scans show
the redox response of the modified SPCE. Compared to the bare SPCE, there is a significant increase in the redox peak due to the
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Fig. 3. FT-IR Spectra profile of CoNi-MOF.

excellent conductivity and electron transfer of the CoNi-MOF. The immobilization of the aptamer ¢Tnl was then conducted, resulting in
a further decrease in the peak current due to the decrease in conductivity, confirming the bonding of the aptamer to the modified
electrode surface. Similarly, Electrochemical impedance spectroscopy (EIS) measurements were conducted using a 5 mV AC voltage,
200 mV applied potential, and frequency range of 10 mHz-100 kHz (Fig. 6). The bare SPE had a small semicircle diameter, which
further decreased with CoNi-MOF, indicating enhanced electron transfer. Upon aptamer assembly on CoNi-MOF/SPE, the semicircle
diameter increased, implying that the aptamer hindered electron transfer due to its poor conductivity. This suggests that CoNi-MOF
improves conductivity, while the aptamer reduces it by obstructing electron flow.

The charge transfer efficiency at the electrode interface for cTnl detection is significantly influenced by the concentration of AcTnl.
The DPV signal of the CoNi-MOF/SPCE is affected by varying concentrations of AcTnl, as seen by the graph in Fig. 7(a). Interestingly,
the DPV response significantly decreases at concentrations of 4 pM, indicating possible saturation of the sensor’s surface active. Surface
crowding resulting from this saturation may hinder the aptamers’ efficient binding to cTnl. Consequently, the optimal concentration
for the aptamer sensor was 4 pM AcTnl. Additionally, the incubation period of cTnl significantly influences its detection. The elec-
trochemical signal remains largely unaffected when cTnl is incubated for more than 40 min, as shown in Fig. 7(b). This suggests a
saturation of the bioaffinity between the cTnl target and AcTnl on the electrode surface. Conversely, the spatial potential resistance
effect causes the current response to stabilize, reducing sensitivity to the target. Thus, we determined that a 40-min incubation period
was ideal.

The differential pulse voltammetry results show a noticeable decrease in the peak of the AcTnl/CoNi-MOF/SPCE electrode in
response to varying cardiac troponin I concentrations. Fig. 8(a) presents the electrochemical signal of DPV in a 5.0 mM [Fe (CN) 6]3‘/ 4
solution with 0.1 M KCl, while Fig. 8(b) illustrates the relationship between the reduction peak current and the concentration of cTnl. It
demonstrates a linear correlation with the peak value for the various cTnl concentration ranges examined, which were 5 pg/ml to 75
pg/ml. The aptasensor built has a low detection limit of 13 pM and a sensitivity of 15.22 pA/pg/ml indicating its capability to detect
cTnl at extremely low concentrations. Therefore, this aptasensor exhibits sufficient sensitivity for cTnl detection.

Table 1 compares the analytical performance of various electrochemical biosensors using different materials for detecting the cTnl
biomarker. The aptamer-based CoNi-MOF electrochemical sensor exhibited a satisfactory linear range with a superior limit of
detection. The stability of the aptamer sensor was further assessed by measuring the DPV current of the modified electrode after one
month. The electrochemical signal before and after storage showed a slight change, with a 6.2 % decrease in the peak DPV (Fig. S2).
This indicates the excellent stability of the proposed electrochemical aptamer sensor for cTnl detection. Additionally, the specificity of
the modified sensor was evaluated by storing the AcTnl/CoNi-MOF/SPCE at 4 °C for 30 days (Fig. 9). The proposed aptamer sensor
demonstrates excellent selectivity and a remarkable ability to resist interference.

4. Conclusions

In this study, we developed highly sensitive and selective ssDNA aptamers against cTnl, a diagnostic biomarker of AMI. An aptamer
electrochemical sensor was constructed using CoNi-MOF/SPCE, combining the large surface area and good electrical conductivity of
the composite with the high affinity and specificity of the aptamer. The sensor could linearly detect cTnl at concentrations of 5, 10, 15,
25, 50, and 75 pg/ml with a low LOD of 13.2 pM. The sensor showed excellent stability and reproducibility in the detection of cTnl,
making it a promising candidate for clinical applications. The success of our electrode in accurately quantifying cTnl levels in diverse
solutions was attributed to the exceptional electrocatalytic activity of the aptasensor. This research opens new avenues for the
development of reliable, cost-effective, and readily deployable cardiac troponin I, with broad implications for healthcare and di-
agnostics. The ability of this sensor to detect cTnl across a wide range of concentrations highlights its potential for use in various
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Table 1

Performance comparison of different electrochemical biosensors.
Materials Method LOD Linear range Reference
CNF EIS 0.2 ng/mL 0.25-1 ng/mL [35]
Nanostructured ZrO, CvV 0.1 ng/mL 0.1-100 ng/mL [36]
DIL - Helical CNT DPV 0.02 ng/mL 0.05-30 ng/mL [37]
GC/N-proGO-aptamer DPV 0.94 pg/ml 0.001-100 ng/ml [38]
CoNi-MOF — Aptamer based DPV 13.2 pM (0.31 pg/mL) 5-75 pg/mL This work

CNF: carbon nanofiber; ZrO,: Zirconium oxide; DIL: dialdehyde-functionalized ionic liquid; CNT: carbon nanotube; GC: glassy carbon electrode; N-

proGO: nitrogen-doped reduced graphene oxide; CoNi-MOF: Cobalt Nickel metal organic framework; EIS: electrochemical impedance spectroscopy;
CV: cyclic voltammetry: DPV: Differential Pulse voltammetry.

12

10 4

Current (pA)

Urea Cholestrol cTnl

Fig. 9. Selectivity evaluation of the sensor.

clinical settings. Additionally, the sensitivity and specificity of the electrode make it a valuable tool for the early detection and
monitoring of cardiac conditions. Further studies are needed to validate the performance of the aptasensor in complex biological

matrices such as blood serum. Once these validations are completed, the aptasensor can revolutionize the field of cardiac biomarker
detection and monitoring.
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