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ABSTRACT

Cardiac troponin I (cTnl) is a specific biomarker of myocardial damage. Several techniques have been
reported for cTnl detection, which is based on immunoaffinity, aptamers, and molecular imprinting
polymers. Using computational methods, we introduced a novel chemical receptor for cTnl, named
tetrabromophenol blue (TBPB), which interacted with cTnl selectivity in the presence of human serum
albumin (HSA), cardiac troponin C (cTnC) and C reactive protein (CRP). Employing TBPB as a chemical
receptor, a novel electrochemical sensor was constructed for the electrochemical sensing of cTnl. A glassy
carbon electrode surface was modified with layered double hydroxide nanostructures (LDHNS) and TBPB.
The modified electrode showed electrocatalytic activity toward ascorbic acid (AA) in a phosphate buffer
solution (pH 7.4). The results revealed that using AA as a signal enhancer for cTnl detection could be a
good idea. The linear range (50.00—3.50 x 105 pM) and detection limit (2.77 pM) were calculated using
differential pulse voltammetry to measure cTnl at the TBPB/meso-Fe/CoLDHNS/GCE in a pH 7.40 buffer
solution containing 1 mM of AA. Firstly, based on our docking studies, TBPB showed a very low tendency
towards HSA, ¢TnC, and CRP. Additionally, the selectivity of TBPB/meso-Fe/CoLDHNS/GCE for cTnl was
studied electrochemically in the presence of HSA, cTnC, and CRP.

© 2023 Elsevier Ltd. All rights reserved.

1. Introduction

intravascular release of cTnl is low, it is elevated in the serum after
90 min to 3 h upon the appearance of AMI symptoms. Therefore, a

With the increase in the speed of aging in societies, cardiovas-
cular disease (CVD) has become a very important topic worldwide.
Acute myocardial infarction (AMI) is a type of CVDs known as one of
the principal causes of death. Therefore, early detection of AMI is
essential [1,2]. The troponin complex (troponin I, T, and C) regulates
cardiac muscle contraction. After a cardiac injury, the troponin
complex is broken up, and the released components are distributed
into systemic blood circulation [3]. Cardiac troponin I (cTnl) is
known as the ‘gold standard’ biomarker of myocardial necrosis
because it is highly sensitive to cardiac damage. Although the
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simple and sensitive technique for accurately recognizing cTnl
benefits the early diagnosis of AMI [4].

Up to now, many methods, including enzyme-linked immuno-
sorbent assay (ELISA), electrochemical, fluorescent, chemilumi-
nescent, electrochemiluminescent techniques, and surface-
enhanced Raman spectroscopy (SERS), have been introduced for
the recognition of cTnl. They are combined with immunosensors,
aptasensors, or molecular imprinting sensors to detect cTnl. The
application of these biosensors is based on biological components
as recognition elements [5].

The biorecognition elements provide high selectivity and
sensitivity for detecting a wide range of blood biomarkers, and
making new biosensors to detect biomarkers has always been a
focus of attention. In addition to the progressive development of
biosensors to detect biomarkers, recent research on chemical
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molecules as non-biological receptors is also very interesting.
Nandhikonda and Heagy provided a prototype to produce cTnl
sensors based on non-biological recognition elements [6]. They
utilized the bioinformatic principles and developed a fluorescent
probe for cTnl detection. According to the significant characteristics
of the electrochemical sensors, including high sensitivity, we have
proposed an electrochemical sensor for cTnl detection using a
redox chemical receptor. Utilizing molecular docking in-
vestigations, Tetrabromophenol blue (TBPB) was chosen as a
chemical receptor. This study used computational molecular
docking to select an appropriate chemical compound as a non-
biological recognition element in the proposed electrochemical
Sensor.

TBPB dye is a member of benzofurans. Its chemical structure
consists of three parts, 1, 2, 3, 4 -tetrabromobenzene, sulfonic acid,
and 2-6-dibromophenol [7]. The biochemical investigations of
TBPB show that electrostatic and hydrophobic interactions are
involved in the TBPB binding to proteins. Although TBPB is used as a
pH indicator dye (e.g. testing proteinuria and renal pathology), few
reports show it being used as a redox indicator [8].

Utilizing nanoparticles is a favorite strategy in electrochemical
sensors to enhance their sensitivity. Recently, layered double hy-
droxide nanostructures (LDHNS) have been attaining much atten-
tion due to their large surface area, good electrochemical
properties, and adsorption capacity. They consist of positively
charged brucite-like layers. These layers are a mix of metal hy-
droxides, which are separated by intercalated hydrated anions. The
general formula of [M?* (1) M?*(x) (OH) 2] ** [(A™") x/n. mH20] has
been defined for LDH structures, where M** and M3 are bivalent
and trivalent metal cations, respectively, and A" depicts the
interlayer anion [9,10]. Considering the porous morphology of
LDHNS and their high adsorption capacity for dyes, we designed an
electrochemical sensor for cTnl detection using a glassy carbon
electrode modified with meso-Fe/Co layered double hydroxide
nanostructures and TBPB (TBPB/meso-Fe/Co LDH NS/GCE). In this
way, we enhanced the electrochemical performance of a TBPB dye
on an electrode surface by using LDHNS as an adsorbent of the dye.
However, there was still a need to amplify the electrochemical
signal to achieve the desired sensitivity. In these conditions, the
results exhibited that the proposed modified GCE showed an
electrocatalytic activity toward anodic oxidation of ascorbic acid
(AA). We found that the electrocatalytic activity of the modified
electrode toward AA oxidation was changed in the presence and
absence of cTnl, and the changes in the anodic peak current of AA at
different concentrations of cTnl have been measured. These
changes provide a suitable sensitivity to construct a sensor for cTnl.

Ascorbic acid is a redox-active biological compound and can
undergo an irreversible oxidation change to dehydroascorbic acid.
The irreversible electrocatalytic oxidation of AA shows an irre-
versible cyclic voltammogram with an oxidation peak [11].
Although there are some studies on the electrochemical detection
of AA in aqueous solutions using modified electrodes with different
dyes [12—14], to the best of our knowledge, none of the studies has
used TBPB/meso-Fe/Co LDH NS/GCE as a modified electrode for
sensing AA.

Therefore, in this research, for the first time, TBPB was intro-
duced as a non-biological redox-active receptor for cTnl using
molecular docking simulations and electrochemical study.
Furthermore, by considering possible interactions between TBPB
and cTnl, as well as the catalytic effect of TBPT on the anodic
oxidation peak current of AA, we tried to determine cTnl in the
absence and presence of human serum albumin (HSA), C-reactive
protein (CRP) and cardiac Troponin C (cTnC) through research the
change in the anodic oxidation peak currents of AA on the modified
electrode surface.
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2. Molecular modeling and experimental methods
2.1. Material and apparatus

The information about the chemicals and apparatus is repre-
sented in the supplementary material (section S1).

2.2. Molecular modeling

More information is represented in the supplementary material
(section S2).

2.3. Synthesis of meso-Fe/Co layered double hydroxide
nanostructures (meso-Fe/Co LDH NS)

The information about the synthesis is represented in the sup-
plementary material.

2.4. Preparation of the non-biological electrochemical sensor for
cTnl

2.4.1. Modification of the GCE surface with meso-Fe/Co LDH NS

A suspension containing 1.5 mg/mL of meso-Fe/Co LDH NS in
water was sonicated for 90 min. Then, 10 pL of the homogeneous
suspension was poured on the GCE surface and dried in a vacuum
for 1 h. The resulting electrode was called meso-Fe/Co LDH NS/GCE.

2.4.2. Modification of the electrode surface with TBPB

The meso-Fe/Co LDH NS/GCE was immersed in a TBPB solution
(150 uM, PBS pH 4.3) for 2 h to obtain TBPB/meso-Fe/Co LDH NS/
GCE. In order to optimize the pH and concentration of the TBPB
solution and reach the optimum immersion time, the electro-
chemical response of the modified electrodes was explored under
different conditions. As a control condition, the bare GCE was
immersed in TBPB 150 pM, PBS pH 4.30) for 2 h to get TBPB/GCE.

2.4.3. Electrochemical behavior of ascorbic acid (AA) on the TBPB/
meso-Fe/Co LDH NS/GCE

The electrochemical behavior of AA on the modified GCE was
investigated using cyclic voltammetric and differential pulse vol-
tammetric techniques. The AA solution was titrated in the PBS
(100 mM, pH 7.40), and the corresponding voltammograms were
recorded. Bare GCE, TBPB/GCE, and meso-Fe/Co LDHNS/GCE were
also used to investigate the AA redox reaction under the control
probe conditions.

2.4.4. Detection of cTnl on the TBPB/meso-Fe/Co LDH NS/GCE in the
AA electrolyte solution

In the next step of the procedure, AA was applied as a signal
amplifier to construct a non-biological electrochemical sensor for
cTnl detection. For this purpose, the modified electrodes (TBPB/
meso-Fe/CoLDH NS/GC) were incubated with different concentra-
tions of cTnl (0.0, 50.0, 80.0 x 10!, 20.0 x 10% 60.0 x 10°,
1.4 x 10°and 3.5 x 10° pM) for 2 h (to obtain significant interactions
between TBPB and cTnl). Then, the electrocatalytic activity of the
electrode toward AA oxidation was investigated in the presence
and absence of cTnl by DPV in the electrolyte solution containing
AA 1.00 mM, and the change in the anodic peak current of AA at
different concentrations of cTnl was measured. To further validate
the role of AA in the electrode response to cTnl, a control experi-
ment was done by incubating the modified electrodes in the cTnl
solutions and recording the corresponding voltammograms in an
electrolyte solution without AA.
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3. Results and discussion

Though aptamers and antibodies are favored receptors to
establish electrochemical biosensors, a paradigm shift focusing on
replacing biological molecules with chemical receptors would be
valuable. Combining the molecular docking, this paper proposes a
redox-active receptor to detect cTnl. Molecular docking was carried
out to evaluate the affinity of ligands and cTnl. The stronger the
ligand-cTnl binding, the higher the affinity and the more stable the
complex obtained. The lowest docking energies of the tested li-
gands have redox activity, and the results are shown in Table S2
(Supplementary Information). The best cTnl-ligand complex was
achieved by comparing several scoring criteria, such as Gibbs free
energy, binding site, and hydrogen binding. The most satisfactory
docking results corresponded to the cTnl complexes with three
redox compounds 7 (tetrabromophenol Blue (TBPB)), 8 (Bromoc-
resol Green), and 9 (Bromocresol Purple) showed affinity values
of —6.97, —5.66 and —6.17 kcal/mol, respectively. These ligands
entered cTnl through H-binding and van der Waals' force, where
amino acid residues such as Asp105, Glu109, Lys106, and Arg103
play important roles in the binding cavity (Fig. 1B). Here, it is
important to remark that the best ligand as a receptor is that not
only shows the strongest affinity to cTnl, but also displays a low
tendency for complexation with other proteins such as HSA, cTnC,
and CRP, which exist in human serum. Therefore, the affinity of the
three ligands mentioned above to HSA, CRP, and cTnC proteins will
also be investigated.

3.1. Molecular docking analysis of ligands with CRP, TnC, and HSA
(computational approach for selectivity considerations of the
sensor)

Although a high level of CRP could be represented through
cardiac damage, this is not specific to cardiac complications
because an elevated CRP level is also associated with chronic renal
insufficiency and a serious bacterial infection of the lung and the
urinary tract [16]. Cardiac injuries cause the release of troponins in
circulation in different forms, including the complex of cTnl/cTnT/
cTnC and free molecules. cTnl and ¢TnT have been considered to be
specific biomarkers of myocardial injury. Troponin C is not specific
to cardiac muscles because it is also found in the skeletal muscle
[17]. Following myocardial damage, CRP and TnC proteins could
interfere with cTnl analysis. HSA was also examined for selectivity.
To verify the low affinity of chosen ligands with the above-
mentioned proteins (CRP, TnC, and HSA) and select one of them
as the chemical diagnosing element of the sensor, molecular
docking analysis was employed. The results are shown in
Tables S3—S11. The molecular docking of ligands to CRP (3L2Y)
shows the lowest affinity for ligands 6 (Bromophenol blue), 7, and 8,
and the lowest affinity to cTnC was shown for ligand 7. The results
are related to the docking analysis of the ligands with three cTnC
PDB codes to attain the different binding sites. Then, to predict the
affinity of the ligands to HSA, they were docked into HSA using four
different types of PDB codes (3LU6, 3LU7, 3LUS8, 5GIY). So, the
probable different binding sites were analyzed. These results
revealed that ligand 7 had the lowest affinity to HSA than the other
ligands. For more information concerning docking results of ligands
with CRP, ¢TnC, and HSA, see Supplementary Materials (Sections
S2—S5). Based on the docking results, whereas ligand 7 showed a
high affinity for cTnl, it displayed a low tendency towards CRP,
cTnC, and HSA. Fig. 1 presents the docked structure and binding site
of ligand 7 (TBPB) to cTnl. The cTnl detection concerning the
electrochemical behavior of TBPB was shown in Scheme 1, where
TBPB was used as the cTnl receptor.
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Fig. 1. Docking state with the lowest binding free energy of TBPB into cTnl, (A) a re-
ceptor surface of cTnl and TBPB represented as sticks in the binding cavity and
showing hydrogen bond interaction (black dashed lines), (B) 2-dimensional TBPB
interaction and residues surrounding the binding pocket, (C) 3-dimensional model of
hydrogen bond interaction of TBPB with cTnl.

3.2. Nanostructure characterization

The XRD pattern of meso-Fe/Co LDH NS (Fig. 2A) represents a
series of (003), (006), and (110) peaks at 26 about 11.45°, 23.00°
and 59.87°, respectively, which is by diffraction characteristics of
the hydrotalcite-like structure of LDHs [15]. The morphologies and
structures of the meso-Fe/Co LDHNS and meso-Fe/Co LDHNS
coated with TBPB (TBPB/meso-Fe/Co LDH NS) were analyzed by
TEM and FESEM. The TEM image (Fig. 2B) reveals that meso-Fe/Co
LDHNS was composed of wrinkles, which may be aggregates of
layers of various sizes growing in different directions, thus forming
3D spherical nanostructures with an average size of 45 nm (Fig. 2C).
These spherical nanostructures exist in various aggregates, which
contain mesoporous materials. The image in Fig. 2E shows the
surface of TBPB/meso-Fe/Co LDHNS in a different shape from that in
Fig. 2D. It is composed of many wrinkles and forms a 3D porous
structure all over the whole surface, which could be a result of the
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Scheme 1. Representation of the electrocatalytic oxidation of AA on the TBPB/meso-Fe/Co LDHNS/GCE (left) and the decrease in the AA electrocatalytic oxidation peak after the cTnl

addition that influenced the redox behavior of TBPB by inducting probable interactions.

surface coating with TBPB. Furthermore, this special modification is
useful for the development of electrochemical performance [18,19].
Fig. 2F presents the N, adsorption—desorption isotherms of meso-
Fe/Co LDHNS and TBPB/meso-Fe/Co LDHNS. To IUPAC classification,
both samples show the conventional type IV isotherms with
apparent hysteresis loops (type H-3) at a relative pressure of p/p’
0.4—1.0 m, indicating the mesoporous structure of the samples.
However, as the TEM and SEM images show, deep hysteresis loops
correspond to the slit-shaped pores of the aggregates of plate-like
wrinkles. In addition, the sharp peaks of the BJH curves for pore
diameter distributions (Fig. 2G) can be seen as centering at 6.30 nm
and 7.26 nm for meso-Fe/Co LDH NS, and TBPB/meso-Fe/Co LDHNS,
respectively. Based on the BET analysis, the specific surface area and
pore volume reduced from 139.60 m?/g and 0.17 cm®/g to 63.67 m?/
g and 0.09 cm?/g, respectively, after meso-Fe/Co LDHNS was
exposed to the dye, implying that a smoother pore surface was
obtained as the dye molecules filled the pores [15,20].

3.3. Characterization of the modified GCEs

Each step in the modification process was assessed by CV and
EIS. According to the cyclic voltammograms of Fig. 3A, the peaks of
TBPB (Ec = 0.25 V, Ea = 0.29 V) significantly increased for TBPB/
meso-Fe/Co LDHNS/GCE (Curve d) vs. TBPB/GCE (Curve c), while
the meso-Fe/Co LDHNS was electrochemically inactive (curve b).
The peak growth could be considered a consequence of the effec-
tive concentration of TBPB at the GCE surface, which resulted from
the desirable performance of meso-Fe/Co LDHNS to increase the
electrode surface area. The surface modification was confirmed by
EIS data. By equivalent circuit fitting, the Nyquist plots were
analyzed (Table S12), and the charge transfer resistance (Rq) was
obtained. Based on the Nyquist plots (Fig. 3B), due to the low
conductivity, the meso-Fe/Co LDH NS modification remarkably

increased the semicircle diameter of meso-Fe/Co LDH NS/GCE
(Ret = 2.210 kQ), compared to the bare GCE (R = 0.163 kQ). It
should be noted that, for TBPB/meso-Fe/Co LDH NS/GCE, the TBPB
molecules increase the surface conductivity, causing a decrease in
the Rt to 0.672 kQ and semicircle diameter compared to meso-Fe/
Co LDH NS/GCE [21].

3.4. Evaluation of the effects of operating variables

The meso-Fe/Co LDHNS concentration on the modified GCE
surface was an important variable for the design of the proposed
electrochemical sensor. For this purpose, the decrease in the R for
TBPB/meso- Fe/Co LDH NS/GCE, in comparison with meso-Fe/Co
LDH NS/GCE, was investigated (Fig. 3C).

The Nyquist plots showed that the semicircle for meso-Fe/Co
LDH NS/GCE kept increasing as the concentration of meso-Fe/Co
LDH NS grew from 0.5 to 4.0 mg/mL. This was due to an
increasing Rct value. However, after the adsorption of the TBPB, the
semicircle diameter decreased for all of them. The lowest Rt
(0.67 kQ) for TBPB/meso-Fe/Co LDH NS/GCE was obtained at a
concentration of 1.5 mg/mL of meso-Fe/Co LDH NS (Fig. 3D). This
indicated that 1.5 mg/mL of meso-Fe/Co LDH NS/GCE had a high
enough tendency for TBPB adsorption. The pH of the TBPB solution
to adsorb on the meso-Fe/Co LDH NS/GCE surface is another
important parameter, as it strongly affects the anodic peak current
of TBPB. Fig. S10 indicates that the TBPB anodic peak intensity was
low at the high pH values and high at the low ones. The maximum
peak current was observed at the pH of 4.30 for the TBPB solution,
indicating the maximum adsorption of TBPB on the meso-Fe/Co
LDH NS/GCE at this pH value [22,23]. The concentration of the
TBPB solution was also investigated. As shown in Fig. S11A and B,
with an increase in the TBPB concentration from 10 to 300 uM, the
CV peak currents kept increasing until 150 pM, while after that,
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Fig. 2. (A) XRD pattern, (B) TEM image, (C) and (D) FESEM images with two magnifications of meso-Fe/Co LDHNS, (E) FESEM image of TBPB/meso-Fe/Co LDHNS, (F) N2- adsorption-
desorption isotherms and (G) BJH curves of meso-Fe/Co LDHNS and TBPB/meso-Fe/Co LDHNS.

they remained unchanged, suggesting that 150 uM of TBPB was
enough to coat the modified GCE. The time for the adsorption of
TBPB on the meso-Fe/Co LDH NS/GCE is another variable that was
optimized, and 2 h were chosen (Fig. S11C and D). (More infor-
mation is presented in Supplementary Data).

The electrochemical activity of the modified electrodes was
investigated by introducing ascorbic acid (AA) to the electrolyte
solution. In the presence of AA, a weak anodic peak was observed in
the cyclic voltammogram for GCE. For meso-Fe/Co LDH NS/GCE and
TBPB/meso-Fe/Co LDH NS/GCE, the anodic peaks increased, but the
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Fig. 3. (A) Cyclic voltammograms of (a) bare GCE, (b) meso-Fe/Co LDHNS/GCE, (c) TBPB/GCE, (d) TBPB/meso-Fe/Co LDHNS/GCE in an electrolyte solution containing PBS (100 mM,
pH 7.40) and KCI (100 mM), with a scan rate of 100 mV/s, (B) Nyquist plots of bare GCE, meso-Fe/Co LDHNS/GCE and TBPB/meso-Fe/Co LDHNS/GCE (inset of the curve: the
equivalent circuit used to fit data), (C) Nyquist plots of meso-Fe/Co LDH NS/GCE and TBPB/meso-Fe/Co LDHNS/GCE using different concentrations of meso-Fe/Co LDH NS ((I) 0.5, (II)
1.5, (II1)3.0, (IV)4 mg/mL) to modify the GCE surface in electrolyte solution containing ferro/ferricyanide ([Fe(CN)s]>”*" ]) couple (50 mM) and KCI (100 mM), frequency range
between 50 mHz and 10 kHz, (D) Column curve of comparing the Rct obtained from the Nyquist plots of Fig.C, (E) cyclic voltammograms of TBPB/meso-Fe/Co LDHNS/GCE in
electrolyte solution in the absence of AA, and bare GCE, meso-Fe/Co LDHNS/GCE, TBPB/meso-Fe/Co LDHNS/GCE in the electrolyte solution (PBS 100 mM, pH 7.4) and KCl (100 mM))

containing AA 1 mM (at a scan rate of 100 mV/s), (F) DPV anodic peaks of the TBPB/meso-Fe/Co LDHNS/GCE in the absence of AA and meso-Fe/Co LDHNS/GCE, TBPB/meso-Fe/Co
LDHNS/GCE in the presence of AA 1 mM.
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were recorded in an electrolyte solution containing PBS (100 mM, pH 7.40) and KCI (100 mM) (in the absence of AA), and (B) in the presence of AA (0 mM), (C) the column curve to
compare the changes in the anodic peak currents of Figs. (A: in the absence and B: in the presence of AA).

intensity of the former at Ep; = 0.55 V was lower than the latter at
Ep, = 0.31 V. By comparison, the current intensity was increased,
and the overvoltage was reduced, implying higher electrocatalytic
activity of the film containing TBPB. (TBPB/meso-Fe/Co LDH NS/
GCE) (Fig. 3E and F) [24,25]. The suggested electrocatalytic mech-
anism is shown in Scheme 1.

CVs of TBPB/meso-Fe/Co LDH NS/GCE in the presence of 1 mM
AA (TBPB/meso-Fe/Co LDH NS/GCE/AA) were obtained at different
scan rates (Fig. S13). As shown in Fig. S13B, the curve of the log-
arithm of the anodic peak currents vs. the logarithm of the scan
rate (Log ipa — Log v curve) offers a line with a slope of 0.3249,
which reveals that the electrocatalytic process was a diffusion-
controlled reaction. In addition, a slope of 0.8464 for the Log ipc
—Log v curve indicates that the electrochemical reaction of TBPB
was a surface-controlled reaction [26]. Considering the electro-
catalytic activity of the TBPB/meso-Fe/Co LDHNS/GCE in the PBS
containing 1 mM AA, the anodic peak current was enhanced
compared with the absence of AA. Thus, the TBPB/meso-Fe/Co
LDHNS/GCE in the electrolyte solution containing AA 1.00 mM
was utilized to detect cTnl in the following assays electrochemi-
cally. In this case, during the voltammetric measurement, the
TBPB redox molecules were involved in interaction with c¢Tnl, and

| [¢TnI]=0 pM
2 2
010 0.40 0.90
E (V)/Ag|AgCl

the electrochemical behavior of TBPB and AA electro-oxidation
were affected by this interaction.

3.5. Investigation of the effect of AA on the improvement of the
TBPB/meso-Fe/Co LDH NS/GCE response to determining the cTnl

After incubation of the modified electrode, TBPB/meso-Fe/
CoLDHNS/GCE in the cTnl solutions at concentrations of 0.0, 20.0,
60.0, and 140.0 nM, the anodic differential pulse voltammograms of
the electrode in the absence (Fig. 4A) and presence (Fig. 4B) of AA in
the electrolyte solution were recorded. As seen in Fig. 4A, in the
absence of AA, the observed oxidation peaks are related to the
TBPB, which were affected by the different concentrations of cTnl
and reduced by increasing the cTnl concentrations. Based on the
molecular docking results, the decrease of the TBPB oxidation peak
in the presence of cTnl can be attributed to the possibility of the
hydrogen bonding between the cTnl side chains as well as the
hydroxyl and sulfate groups of TBPB, while in Fig. 4B, the voltam-
mograms were recorded in the presence of AA (1.0 mM). In these
voltammograms, as discussed above, the observed peak was related
to the electrocatalytic oxidation of AA at the TBPB/meso-Fe/Co LDH
NS/GCE.

[
h
T

y=-0.2233x+0.8612
R?=10.991

2'(m 1 1 1 1
-8.50

Log [cTnl]

Fig. 5. (A) DPV anodic peaks of the TBPB/meso-Fe/Co LDH NS/GCEs before and after incubation in different concentrations of the cTnl (50.0, 80.0 x 10', 20.0 x 103, 60.0 x 103,
1.4 x 10°and 3.5 x 10° pM) recorded in the electrolyte solution (PBS pH 7.40 and KCl 100 mM) containing AA 1.0 mM, (B) calibration curve for cTnl detection (the currents were

obtained from Curve (A)).
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Table 1
Comparison of the performance of some designed sensors for cTnl.
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Sensor type Recognition element

Signal amplification method

Detection limit Reference
(ng/ml)

Fluorescence
Electrochemical

Abiotic Probe (N-aryl- 2,3-naphthalimide) —
Antibody

(enzyme catalytic performance) H,0,- horseradish

- (6]
1.70 x 1073 [27]

peroxidase (HRP) - hydroquinone (HQ.)

Electrochemiluminescence synthesized short linear specific binding peptide Signal Reagent-Encapsulated Liposomes

Gold nanorods (AuNRs)

triangular icicle like gold nanostructure
Silica nanoparticles
Multiwalled carbon nanotubes (MWCNTS), chitosan

450 x 103 [28]
4,00 x 107! [29]
9.00 x 1074 [30]

2.40 x 1072 [31]
8.00 x 1074 [32]

(CS), glutaraldehyde (GA) composites

(FYSHSFHENWPSK)
Colorimetric Strong complex forming tendency between
heparin and cTnl
Electrochemical 13-amino acid peptide (FYSHSFHENWPSC)
Electrochemical Aptamer
Electrochemical MIP
Electrochemical Abiotic Probe (tetrabromophenol Blue (TBPB)

Electrocatalytic activity of the modified electrode toward

6.65 x 1072 This work

Ascorbic Acid oxidation

The changes in the peak current intensities were greater than
the current intensities obtained in the absence of AA. Accordingly,
the results show that the effect of possible interactions of cTnl -
TBPB on the electrochemical behavior of TBPB in the presence of AA
was more significant, and, therefore, the presence of AA would
increase the sensitivity of the designed probe for cTnl detection.

3.6. Use TBPB/meso-Fe/Co LDH NS/GCE/AA as an electrochemical
probe to detect cTnl

The anodic differential pulse voltammograms of TBPB/meso-Fe/
Co LDH NS/GCE/AA for different concentrations of cTnl were ob-
tained under the optimum conditions. For this purpose, TBPB/
meso-Fe/Co LDH NS/GCE was incubated at various concentrations
of cTnl (50.00—-3.50 x 10° pM), and the corresponding voltam-
mograms were recorded in an electrolyte containing PBS pH 7.40
and AA 1.00 mM. The enhanced characteristic peak current of AA at
the TBPB/meso-Fe/Co LDH NS/GCE surface was decreased as the
cTnl concentration increased to 3.50 x 10° pM (Fig. 5A). When cTnl
was increased and the current decreased, the anodic potential
shifted to positive potentials, confirming the probable interactions
between cTnl and TBPB. Fig. 5B represents the corresponding log-
arithmic calibration curve (Ipa (pA) = -02233 x Log
[cTnl]) + 0.8612, R? = 0.991). The detection limit was estimated to
be 2.77 pM based on the formula 3sp/m, where sy, is the standard
deviation in 3 replicate measurements of the blank, and m is the
slope of the calibration curve (0.2233 pA/pM).

In the first effort to choose a suitable ligand with a high tendency
to cTnl, TBPB was selected as the affinity ligand because of its low
tendency to some other proteins based on the docking study.
Moreover, HSA, CRP, and cTnC were chosen to check the selectivity in
experimental conditions. For this purpose, the prepared modified
electrodes were incubated in the solutions containing 20.0 x 10% pM
of cTnl in the presence of 20.0 x 10° pM. Then, the oxidation dif-
ferential pulse voltammograms of the modified electrodes were
recorded in the electrolyte solution containing AA (1.00 mM). The
changes in the oxidation peak currents were relatively close to those
of cTnl alone (Fig. S14). Therefore, these results display the selectivity
of the proposed probe to determine cTnl in the presence of the HSA,
CRP, and ¢TnC proteins (Fig. S14, the column curve).

The reproducibility assessment of the designed cTnl sensor was
investigated using three modified electrodes. Under the same
conditions, the three TBPB/meso-Fe/Co LDH NS/GCEs were pre-
pared and incubated in the cTnl solution (20.0 x 10°> pM). Then, the
oxidation peaks were recorded (in the presence of AA 1.00 mM)
before and after the incubation process (Fig. S15). The relative
standard deviation (RSD %) was about 5.21%, which shows
acceptable reproducibility (Table S13).

The peak-to-peak stability/TBPB/meso-Fe/Co LDH NS/GCE was
evaluated by recording the cyclic voltammograms in the PBS pH
740 and KClI 100 mM). As seen in Fig. S16(A), there were no
remarkable changes in the peaks before and after 10 cycles. The
stability of the TBPB/meso-Fe/Co LDH NS/GCE was analyzed for 5,
10, 20, and 30 days, which was stored in the PBS solution at pH 4.30
and 5 °C. After each period, the anodic peak currents were obtained
in the electrolyte solution containing PBS pH 7.40 and KCl
(Fig. S16(B)). The percentage changes of the peak current are given
in Table S14. The results show relative stability (73.23%) in the peak
currents after 30 days. Utilizing the standard addition method, the
recoveries were 96.67%—103.57% when the diluted serum samples
spiked with 1.23 x 1072 - 3.50 pg/mL cTnl (Table S15).

4. Conclusion

The reports for cTnl sensors are vast. Researchers have intro-
duced very different types of sensors based on aptamers, anti-
bodies, molecularly imprinting polymers (MIPs), peptides, and
other non-biological molecules [6,27—32]. Using different sensors,
the detection limits have been explored in different ranges. Each of
the introduced sensors has its advantages, but usage may be limited
by either their sensitivity or cost. As shown in Table 1, besides the
acceptable detection limit, the proposed sensor in this work has the
advantages of simplicity, cheapness, and stability.

In designing this non-biological electrochemical probe, at first,
docking studies were employed to determine the best receptor for
cTnl in the presence of some other proteins, such as HSA, CRP, and
cTnC. According to our molecular docking evaluations, TBPB (as a
redox-active molecule) can be docked into the cTnl structure with
more affinity to the amino acid sequences of 99—109. These in-
teractions consist of the Asp 105, Glu 109, Lys 106, Arg 103, Ala 102,
and GIn 99 residues with the hydroxyl, sulfate, and bromide groups of
TBPB. The binding energy value was obtained to be —6.97 kCal/mol.
However, based on the docking studies, TBPB did not show a high
tendency for docking into HSA, CRP, and cTnC. Therefore, the elec-
trochemical investigations employed it as a non-biological receptor to
determine cTnl in the presence of the above-mentioned proteins. In
the following step, the working electrode (GCE) was modified with
nanoparticles to improve the electrochemical sensor's performance.
Considering the porous morphology of the synthesized meso-Fe/Co
LDH NS and their high adsorption capacity for dyes, GCE was modi-
fied by meso-Fe/Co LDH NS to maximize the absorption of TBPB.

Moreover, our studies reveal that TBPB/meso-Fe/CoLDHNS/GCE
show an electrocatalytic activity towards ascorbic acid (AA) in
phosphate buffer solution (pH 7.4). Considering the decrease in the
DPV peak currents in the presence of ¢Tnl, compared to the absence
of cTnl, AA could be a good choice to enhance the electrochemical
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signal. The detection was based on the electrochemical oxidation of
AA by TBPB. In a way, the cTnl binding by TBPB affected the elec-
trochemical oxidation of AA. The sensor displayed a good linearity
(50.00-3.50 x 10° pM) and detection limit (2.77 pM) for cTnl.
Interference from HSA, CRP, and cTnC proteins was minimal.
Although much remains to be studied, utilizing such systems could
provide possibilities for introducing chemical receptors as blood
markers.
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