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Highlights

e Cardiovasculer disease biomarkers were defined.

e Electrochemical studies of cardiovasculer disease biomarkers were presented according to the
recent literture survey.

e Electrochemical cardiac sensors and fabrication materials were given in details.

Abstract

Cardiovascular disease is the most reason for deaths in all over the world. Hence, biomarkers
of cardiovascular diseases are very crucial for diagnosis and management process. Biomarker
detection demand is opened the important way in biosensor development field. Rapid, cheap,
portable, precise, selective and sensitive biomarker sensing devices are needed at this point to
detect and predict disease. A cardiac biomarker can be orderable as C-reactive protein, troponin
I or T, myoglobin, tumor necrosis factor alpha, interleukin-6, interleukin-1, lipoprotein-
associated phospholipase, low-density lipoprotein and myeloperoxidase. They are used for
prediction of cardiovascular diseases. There are many methods for early diagnosis of
cardiovascular diseases, but these have long time process and expensive devices. In recent
studies, different biosensors have been developed to remove the problems in this field.
Electrochemical devices and developed biosensors have many superiorities than others such as

low cost, mobile, reliable, repeatable, need a little amount of solution. In this review, recent



studies were presented as details for cardiovascular disease biomarkers detection using

electrochemical methods.
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1. Introduction

Cardiovascular diseases (CVD) is recognized as disorders of the heart and blood vessels and
include coronary heart disease, cerebrovascular disease, rheumatic heart disease and other
conditions. According to World Health Organization (WHO), a forecasted approximately 20
million (31%) of all global deaths in 2015 are related to CVD in both developed and developing
countries [1]. The most common causes of cardiovascular disease are unhealthy nutrition,
obesity, tobacco, use, alcohol use, stress and physical inactivity [2]. Trends in improvements in
overall cardiovascular health metrics are projected to reduce cardiovascular disease deaths by
30% between 2010 and 2020 [3].

HERE FIGURE 1

The early detection and management of cardiovascular disease play an important role in clinical
diagnosis for people with cardiovascular disease or who are at high cardiovascular risk. It is
notable that not for only providing timely, life-saving therapeutic intervention but also reduce
the costs for healthcare. The CVD is the key risk to human health. There is a growing demand
because of many reasons. Therefore, mobile, miniaturization, accurate, rapid, sensitive and
reliable, affordable sensing devices are developed for the detection of CVD [4]. Nowadays, it
is well known that biomarkers which are identified CVVD bridge over determining specific blood
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compounds (biomarkers) or variation of their concentrations identify various diseases in terms
of CVD [5].

Biomarkers are one such tool that might improve identification of high-risk patients for CVD
events and help guide treatment [6]. There are various type of biomarkers within the blood
serum or plasma such as C-reactive protein (CRP), creatine kinase-MB (CK-MB), creatine
kinase MM (CK-MM), myoglobin (MYO), interleukins (IL-1p, IL-6,IL-8), cardiac troponins
(cTnl & cTnT), tumour necrosis factor alpha (TNF-a), NT-proBNP, Heart-type fatty-acid-
binding protein (H-FABP) and etc. [6-8].

Identification of specific protein biomarkers for an early diagnosis and effective treatment of
stroke and other cardiovascular disease risk and inflammation has been tested by various
techniques [9]. Classical techniques of diagnosis for CVDs count on classical methods with
difficulty such as surface plasmon resonance (SPR), immunoassays, enzyme-linked
immunosorbent assay (ELISA) and Liquid Chromatography (LC) which are based on tests
administered in central laboratories that may have long procedure when tests are from ordered

to received [4].

Biosensors are also classified with regard to the selection rules of the analyte of interest:
immunosensors which are antibody-antigen interaction and enzyme-target analyte interaction
which is called as enzymatic biosensors and also nucleic acid based biosensors. All classical
(enzymes, antibodies and DNA) and recent recognition elements play an important role in
chemical sensors and biosensors using identify the target analytes of interest [10]. The
electrochemical immunosensors rely on the measurements of currents and/or voltage to detect
binding between antibody and antigen [11-13]. These sensors have some advantages such as
cheapness, sensitivity, portability, disposability, the possibility of simultaneous multi analysis,
reliability, small amounts samples and fast response. Hence, immunosensors have great interest
by researchers. The regeneration of the binding sites on antibody may be problem. This
procedure takes time and can damage to the binding sites. Therefore, lifetime of the antibodies
may decrease. DNA biosensors offers sensitive and fast sequence-specific information [14].
Unlike enzymes or antibodies, DNA based biosensors can be readily synthesized and
regenerated for multiple uses. Molecular diagnostics, pharmacogenomics, medical diagnosis,
food analysis, environmental monitoring, bioterrorism, drug screening may be studied with
DNA biosensors. The disadvantages of this sensor are ordered as the ability to perform direct
signal transduction avoiding the images processing and statistical analysis and need automation
of the detection step [15].



Many researchers have studied methods for each developed biosensors which are
electrochemical (amperometry, potentiometry, conductometry), optical (fluorescence,
luminescence, refractive index), field-effect transistor, capacitor-based biosensors,
piezoelectric or calorimetric for the detection of different biomarkers [11, 16, 17].
Electrochemical biosensors may be considered as an alternative to classical analysis for cardiac
biomarkers. It presents many advantages such as user-friendly, rapid, robust, low-cost and
capable of multianalyte testing [18]. Biosensor developing procedure does not need expensive

and time-consuming laboratory tests. Thus, the cost of healthcare services is minimized.

In recent years, nanomaterials are used in biosensors. Nanomaterials have many properties for
their conductive properties, high surface/volume, and good biocompatibility by this way
enhancing performance [19-21]. To detection of clinically significant biomarkers, the
following nanomaterials have been incorporated into biosensors: carbon-based nanomaterials
(graphene, carbon nanotubes (CNT), metal nanoparticles (Ag, Au, Pt, Cu), semiconductors
quantum dots (Cd, Se, Ge, Te), metal oxides (ZnO, CeO. and Al;O3) and silicon/
indium/gallium etc. [10, 22-24]. Gold based structures (screen printed electrode (SPE) or
nanomaterials) are considered as a significant building to be used for the construction of
(bio/nano) sensing because of their excellent mechanical, electrical and optical properties [25].

In this review; cardiovascular disease biomarkers, the importance of biosensor fabrication, the
most used nanomaterials in biosensors, electrochemical methods and the literature survey of

last decade on CVD biomarkers detection via electrochemical methods will be presented.

2. CVDs Markers
2.1.1 Cardiac Troponin

Cardiac troponin has a great specific biomarker compared to other biomarkers of myocardial
injury. These are can be ordered as CRP, Interleukin, oTNF, CK-MB isoenzyme, MYO,
Troponin which is classified as a complex of three regulatory troponin C, c¢Tnl, and cTnT
proteins. These are biomarkers for clarifying acute myocardial infarction (AMI) diagnosis [26].

cTnT is widely used as a specific biomarker for myocardial tissue and it is considered as “gold
standard” because of producing solely in the myocardium and having a specific indication for
cardiac injury. cTnT is suddenly released into the blood circulation. Therefore, the rapid and

accurate monitoring of these biomarkers should be improved to increase the quality of patient



life [27]. Biosensor could be developed for the accurate diagnosis of the cTnl biomarker since
measurements made with an electrocardiogram usually produce erroneous and slow results
[28]. Li and co-workers improved a novel immunosensor using immobilized antibodies on the
graphene modified SPE for c¢TnT detection. The use of graphene material for electrode
modification has the importance owing to the electrochemical activity of graphene. In this
result, graphene considerably increased the sensitivity of cTnT showing a curve with a linear
response range of 0.01 ng mL to 1 ng mL of ¢cTnT and a limit of detection (LOD) of 0.005
ng mL-L. It was also performed for the determination of cTnT in human serum samples. This
immunosensor have promise for Point of Care (POC) quantitative testing of ¢cTnT [29].
Ahammad et al. reported clinical applications of cTnl immunosensor, based horseradish
peroxidase (HRP)-labeled probe. In this report, amperometry was used to detect cTNI with
functionalized platinum nanoparticles (PtNPs) immobilized on a graphene (GR) monolayer
modified glassy carbon electrode (GCE), obtaining detection between 1 and 100 ng mL" [30].
Biocompatible and flexible immunosensor based on the ionic organic molecule and chitosan-
stabilized gold nanoparticles (ionic organic molecule/ CTS- AuNPs) was developed to detect
TNF-o by Electrochemical Impedance Spectroscopy (EIS) [31]. Silva and coworkers were
developed an immunosensor for cTnT detection. Streptavidin polystyrene microspheres on SPE
fabricated as a biosensor to increase the electrochemical answer of cTnT. SEM and CV methods
were used for the surface characterization of the biosensor (Figure 2). The modified electrode
increased response of cTnT about 8.5 times of bare SPE. The linearity response was obtained

between 0.1 and 10 ng mL™. 0.2 ng mL-* was obtained as detection limit value [32].

HERE FIGURE 2

Recent studies on cardiac troponin biomarkers detection by electrochemical methods are

presented in Table 1.

HERE TABLE 1

2.1.2. C-Reactive Protein

CRP is presented as a significant biomarker for the early detection of cardiovascular events and
to prevent increasing the death rate because of the AMI [56]. CRP is a pentraxin protein (namely

acute phase protein) which is produced by the liver [57-59]. It has been identified as a



biomarker for atherosclerosis and inflammatory processes, since the concentration of these
biomarker increases in the plasma of patients with such processes [60]. It is generally accepted
as a component of plasma; concentration in plasma is less than 2.0 mg L™ for healthy
individuals and in the acute phase of inflammation, the concentration increases to 1,000 fold
[61]. According to American Heart Association and the United States Centers for Disease
Control, there are three different levels of CRP concentrations in human blood serum:

Concentration of CRP <1 mgmL? — alow-risk state,
1< concentration of CRP <3 mgmL* — average risk
Concentration of CRP >3 mgmL? — high risk

The reliable and early quantification of this target is often then cited to improve the outcome of
cardiovascular or inflammatory disease [56]. Centi et.al. presented an electrochemical CRP
aptasensor with monoclonal antibody and alkaline phosphatase as enzymatic label [62].
Kokkinos et.al. investigated electrochemical analysis of CRP using a SPE modified QDs [63].
Gupta and coworkers developed a label-free electrochemical biosensor for CRP using carbon
nanofiber [56]. Mishra et al. investigated the electrical and sensing properties of ZnS (MPA)-
PPy composite film for a-CRP in aqueous solution with impedance measurements [64]. Yagati
and coworkers were developed label-free and direct detection of CRP via reduced graphene
oxide nanoparticles modified 1TO electrode (rGO-NP-ITO). The response was applied by EIS
with 1 ng mL~* and 1000 ng mL? linearity range (Figure 3) [65].

HERE FIGURE 3

It is developed a potentiometric biosensor based on the antibody immobilized ZnO nanotubes
achieving detecting linear range 10> mg L* and 1.0 x 100 mg L-* within buffer medium [66].
Other recent studies for CRP biomarker detection are shown in Table 2.

HERE TABLE 2

2.1.3. Tumor necrosis factor alpha (TNF-a)



One of the specific cardiac biomarkers is TNF- a, which is synthesized by immunological and
non-immunocellular cells [96, 97]. In last years, there are intensive studies to develop new
technologies for TNF-a Diagnosis and detection [98]. EIS was applied to measure TNF-a using
anti-TNF-a-immobilized over CMA-modified gold microelectrodes, achieving detection
between 266 pg mL* and 666 ng mL1[99]. Similarly, a sensitive and disposable immunosensor
based on SB/EA/anti-TNF-o/DTSP/Au electrodes was used to measure TNF-a by EIS.
Immunosensors were applied fforl whole serum with high sensitivity [100]. It is developed a
novel and sensitive label-free electrochemical immunosensor based on entrapping of an anti-
TNF-0 onto nanocomposite including fullerene-functionalized multiwalled carbon nanotubes
and an ionic liquid. LOD for TNF-a is 2.0 pg mL1. A novel immunosensor is applied to the
human serum [101]. In another relevant study, Kongsuphol and coworkers presented gold
microelectrodes array to considerably increase the sensitivity of TNF-o. This immunosensor
has reached the success with a limit of detection (LOD) of 1 pg mL™[102]. Sanchez-Tirado et
al. show that the dual cardiac biomarkers (IL-1b and TNF- a) could be detected and quantified
using sensitive and notable immunosensor. The simultaneous dual immunosensor allows
linearity obtaining between 0.5 and 100 pg mL* and from 1 to 200 pg mL-* for IL-1b and TNF-
a, respectively [103]. Li and coworkers detected TNF- a using Prussian blue functionalized
ceria nanoparticles (PB-CeQO2) as a label. The sandwich type biosensor was designed via
immobilization of anti-TNF-o on gold nanoparticles modified carbon nanotube surface. The
answer of the biosensor was checked by peroxide signal between 0.005-5 ng mL-* with 2 pg
mL-* detection limit (Figure 4) [104]. The other published studies on TNF-o biomarkers are

presented in Table 3.

HERE FIGURE 4

HERE TABLE 3

2.1.4. Myoglobin

MYO is a non-enzymatic cardiac protein, originates in the blood and skeletal muscle in
response to damage to the heart, and is being extensively used as a diagnostic marker of AMI.
During AMI, the small-sized MYO (17.8 kDa) releases within 1-3 h in blood circulation and

its level rises to as high as 900 ng mL™* from its normal value of 30 to 90 ng mL 1. The high
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sensitivity and high predictive value of MYO make it an important screening test for AMI [128].
MY O is one of the earliest biomarkers of acute myocardial infarction. Its express determination
in blood is very important in clinical diagnostics [129]. MYO is present in very low
concentrations (below 0.01 ug mL1) in the urine of healthy individuals. In a severe muscle
damage, the concentration of MYO appears at extremely high levels (750 pg mL™%). The MYO
level in the serum is detected to be 0.008 to 0.098 pg mL* for healthy individuals and in a
condition where there is muscle damaged, the concentration of MYO increases to 79.9 pg mL-
1[130]. Szymanski et al. show that, by using this novel electrochemical sandwich immunoassay,
the cardiac biomarker could be detected and quantified. LOD for MYO is 3.0 ng mL*[131]. It
is developed an electrochemical impedance MYO immunosensor based on bio-recognition
element immobilization on the surface of the transducer achieving detection between 350 ng
mL? to 17.5 ug mL! within phosphate buffered saline or the whole serum [132]. Ribeiro and
co-workers fabricated an MYO biosensor with MIP polyphenol modified AUSPE. Polymer
thickness was studied and found as about 4.4 nm. The linearity range was obtained between
0.001 ng mL* to 100 ug mL* (Figure 5) [133]. Tyrosine kinase AXL is a receptor, which is
known as an inflammatory biomarker in acute coronary syndrome [134]. 1t’s cut-off level value
is 71 ng mL™' [135]. Serafin and coworkers designed an amperometric disposable
immunosensor for receptor tyrosine kinase AXL using poly(pyrrolepropionic acid)-modified
SPE. This biosensor gave 337 pg mL'as LOD with a good selectivity in serum sample. The
results were obtained with a excellent agreement with ELISA [136]. Recent studies with

electrochemical methods for MYO detection are given in Table 4.

HERE FIGURE 5

HERE TABLE 4

2.1.5. Biosensors for CVDs Markers

Sensors, especially biosensors are defined as analytical devices that have a biological sensor in
their body and are combined with a physicochemical transducer. The purpose of a biosensor is
to generate a continuous digital electrical signal proportional to the quantity of one or more
analytes to be analyzed. Bioensors are generally constructed by combining a bioactive
component that interacts selectively with the substance to be analyzed, with a conduction
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system that transmits the resulting signal. As biocomponents in biosensors, enzyme cultures,
microorganisms, organelles, antibodies and nucleic acids can be used as amperometric,
potentiometric, thermal, piezoelectric, acoustic or optical sensors. In addition to the high
specificity of sensors, they have the advantage of allowing direct measurement in a wide range
of concentrations in colored and turbid solutions. However, the influence of environmental

conditions such as pH, temperature, and ionic strength can decrease the life of the biosensor.

Biosensors have developed for the detection of CVDs biomarker. Several nanomaterials have
been used for these biosensors fabrication. Nanotubes, nanowires, metal nanoparticles and
polymer-based modifications are mostly preferred in these studies due to their improving
responses of analytes, increasing surface area, sensitivity, selectivity properties [76,165-167].
The increasing concentrations of cardiac biomarkers in serum are very important because of
CVD events and high death rates. Hence, fast, reliable, precise detections of these biomarkers
are very crucial. The significant concentration of CVD biomarkers is changed between pM to
nM, so their assay methods also need to be highly sensitive. These biomarkers cut of levels in

serum samples are given following Table 5 [168]:

HERE TABLE 5

2.2. Transducer Types for Detection of CVDs Biomarkers

The performance of the electrochemical method depends on the material of the transducers. The
working electrode is a substrate in these experiments. It should be given a low noise signal and
repeatable answers for analytes. Factors such as potential range, electrical conductivity, surface
reproducibility, mechanical properties, cost and toxic effects also play an important role in the
electrode selection. The most preferred electrodes are noble metal electrodes such as mercury,
carbon-based, platinum and gold. Especially, solid electrodes are preferred due to the
disadvantages of the mercury electrodes. It has a narrow potential range in anodic part so that
oxidation of compounds or biological molecules cannot be studied. Platinum, gold, silver and
other noble metals and carbon-based materials, as well as nickel and copper electrodes, are used
as a substrate. Gold and platinum electrodes have a wide range of potential and they have also
fast electron transfer mechanism. A gold electrode is more inert than platinum. Glassy carbon
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and new trend screen printed electrodes (SPE) are also referred as carbon-based transducers [18,
42, 46, 47, 61-63, 66-68, 71, 113, 127]. Gold screen-printed electrodes (Au-SPE) have been studied
in several studies for detection of CVDs biomarkers [70,117]. Modified electrodes are most
preferred substrates for detections. The new electrode surface can be designed with different
modification steps. The modification process is achieved selectivity and sensitivity features to
the substrate. Modifiers should be conductive. These electrodes have several superiorities, as

follows:

e The chemical substances that can be used in the modification process are unlimited.
e The electrode surface is covered with various molecules, can be reduced or increased
accordingly.

e Surfaces with high sensitivity to certain types can be formed.

e More durable surfaces can be obtained for corrosion and other factors.

e Surface modification and electron transfer mechanism can be explained.
Carbon is a conductive modifier that has many types such as single crystal graphite, pyrolytic
graphite, powdered graphite, carbon black and glassy carbon. The desired modifications are
prepared by various methods such as reduction with diazonium salts, oxidation with alcohol
and amines, self-assembled layers, Langmuir-Blodgett surfaces, carbon nanotubes, metal
nanoparticles and quantum dots, chemical modification processes, plasma, and ion bomber

ways.

2.3. Nanomaterials on Transducer Design for Cardiovascular Disease Markers Detections

In last years, the sensitivity analysis of biomolecules is of prime importance in the area of
medical diagnostics. CVDs are cited as one of the most serious threats to global health [169].
Hence, the sensitivity analysis of cardiac biomarkers plays an important role in diagnosis and
screening of CVDs. Nanomaterials have common usage in the detection of biomolecules as
sensitively. People have a great interest in these materials due to their nano functionality,
biological properties, and unique physical and chemical characteristics. They can be in the
prism, rod, cube, ball and needle forms with 5-100 nm size colloids. Metal-based nanomaterials
have a new area of interest in all branches of science related to their outstanding features [170].
They have well antimicrobial features because of their large surface area to volume ratio.
Hence, they can be used in different biosensor development studies and as effective growth

inhibitors of various microorganisms. Furthermore, nanomaterials can be modified to achieve
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better efficiency and to facilitate their applications in different fields such as biomaterials and
medicine. Nanotechnology is making today's products smaller, stronger, lighter, faster and more

durable.

Carbon nanomaterials have excellent features such as a high electrical conductivity, high
surface-to-volume ratio, biocompatibility, robust mechanical strength, chemical stability
[171,172]. Hence, these features, they can be preferred as sensing compounds. Carbon based
biosensors have high sensitivity so that they can sense very low detections of analytes [173].
The surface characteristics of carbon-based nanomaterials include a critical factor that enables
their functionality and stable operation in the design of efficient electrochemical biosensors; all
of which impart effects on their electron transport kinetics [174].

For instance, in vivo, and in vitro studies can be performed with carbon nanotubes as carbon-
based nanomaterials. Carbon nanotubes modified biosensors may achieve very sensitive
detection of biomolecules [175]. Also, carbon nanohorns and nanofibers are new materials in
science that they have been reported as novel and biocompatible matrices for many biological
studies [176]. Graphene is the other carbon-based material that used in the very wide area due
to their unique physical and chemical properties of two-dimensional material [177].
Nanotechnology has great interest in it in recent years. Babak Rezaei et.al. detected cTnl at a
sandwich-type nanostructured immunosensor based on carboxylated multi-walled carbon
nanotube (CMWCNT)-embedded whiskered nanofibres (WNFs) modified glassy carbon
electrode (Figure 6). The amperometric method was applied and linear ranges were obtained
between for a normal person 0.5 and 2 ng mL™ to the concentration present in myocardial
infarction patients (> 20 ng mL™! ), with a detection limit of 0.04 ng mL%. The developed
substrate had repeatability and reproducibility [178]. Hence, the proposed biosensor presented
the potential for point-of-care testing.

HERE FIGURE 6

To selective and sensitive determination of cTnl was studied by Fereshteh Chekin and
coworkers at nitrogen-doped reduced graphene oxide (N-prGO) modified glassy carbon
electrode. A label-free electrochemical biosensor showed good sensitivity with 1 pgmL™ in
human serum via differential pulse voltammetry. The successful detection could be obtained by
site-specific surface modification [179]. Surface characterization was studied with CV, XPS
and SEM (Figure 7).
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HERE FIGURE 7

Noble metal nanoparticles have common usage in sensing technology with unique
optoelectronic (size and shape), magnetic and chemical properties. Platinum, gold and silver
are the most widely studied particles for sensitive biomolecule detection, molecular diagnostic,
drug delivery, imaging and therapeutics [180]. These metals have easily characterization, short

synthesis process and enable to surface functionalization properties.

Platinum nanoparticles especially have been selected for biomedical applications due to their
optoelectronics features. Nanoparticles that used in biological studies take superiority such as
functional and dimensional characteristics of surfaces and inorganic cores that translates to

specific physical properties.

HERE FIGURE 8

Patil and others were detected simultaneously Brain Natriuretic Peptide (BNP) and cTnT
biomarkers by electrochemical impedance spectroscopy method. Various platinum wires were
used for detection more sensitive and selective detection of these biomarkers. Different
diameters of wires and surface preparation processes were tried at this point (Figure 8).
Platinum wire with 0.5 mm diameter was found as best and it was polished to 5 pm that showed

linearity, precision, and sensitivity for detecting Brain Natriuretic Peptide and cTnT [181].

Gold nanoparticles as a type of noble metal materials have many studies in the electrochemical
field. Gold nanoparticles have excellent stability, good biocompatibility, easy synthesis
process, large surface area to volume ratio. They are also used as a catalyst in many biomedical
studies. Nanotechnology is like smaller devices for sensing, gold nanoparticles are redox active
particle so that they can be used for miniaturization of devices. Gold based nanoparticles have
application in both macro and nanoscale science. They can be used in medicine as the treatment
of diseases. They make a tremendous impact in the biomedical area due to their less hazardous
and non-interference with other labeled biomaterials (e.g., antibody and other biomarkers)
[182].

HERE FIGURE 9
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Zapp and coworkers were detected MYO on the ionic liquid crystal (E)-1-decyl-4-[(4-
decyloxyphenyl)diazenyl]pyridinium bromide (Br-Py) coated on a glassy carbon electrode
(Figure 9). The monoclonal anti-myoglobin antibody (anti-MYO) was covalently immobilized
by glyoxal on a film of polyethyleneimine-coated gold nanoparticles (AuNp-PEI). The
developed biosensor performance was tested by electrochemical impedance spectroscopy
method with 9.96-72.8 ng mL™ linear range and 6.29 ng mL™ detection limit of MYO
biomarker [183].

Silver nanoparticles are also important substances in nanoscience and biosensing technology
but it has not been studied as gold nanoparticles. Silver nanoparticles based specific and
sensitive biosensors have the possible opportunity like creating new diagnostic platforms for
biological and infectious agents, disease markers in the early-stage detection of disease and
other physiological threats [184,185]. Guifen Jie et al. demonstrated a biosensor that based
silver nanoclusters for thrombin detection by DNAzyme-assisted target recycling
and hybridization chain reaction multiple amplification strategy (Figure 10). DPV responses
shows a linearity in 1.0 fM to 10.0 nM with a detection limit 0.1 fM [186].

HERE FIGURE 10

In the recent years, there has been great interest in polymers that have been used for biomolecule
sensing. The preparation of synthetic molecular networks with designed artificial precognitive
domains exhibiting tailored recognition and release features is beginning to attract the interest
of the drug delivery scientists [187]. Imprinting technology applications are getting increasing
numbers. They can be used in controlled-release carriers for therapeutic agents and diagnostic
devices due to their applicability for a wide range of analytes, long stability and cheap
preparation [188,189]. Molecularly imprinted polymers (MIPs) were conceived as artificial
tailor-made receptors for molecular recognition. They have the chemical strength and robust
mechanical characteristics of its cross-linked materials with selectivity and sensitivity for the

target analyte that mimics of the natural receptors.

Kumar et al. studied with a CRP-imprinted polymer film onto the surface of screen-printed
carbon electrodes for detection of CRP (Figure 11). The limit of detection was calculated as
0.04 pg mLt 2-Acryl aminoethyl dihydrogen phosphate monomer was used with
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phosphatidylcholine as a natural binder. Molecularly imprinted polymer modified screen-
printed electrode surface morphology characterization was applied with atomic force

microscopy and scanning electron microscopy analyses [190].

HERE FIGURE 11

2.4. Electrochemical Methods for Cardiovascular Disease Markers Detections

Early diagnosis of cardiovascular diseases has consequently become highly important to
decrease mortality. To sensitive detection of cardiac biomarkers, several methods have been
used in the literature such as fluorescence and chemiluminescence techniques [191]
radioimmunoassay [192] ELISA [193]. However, these methods have many problems like long
time and complicated processes; need a specialist for usage [194, 195]. Hence, the requirement
of a more sensitive and easy method has been increased for the detection of cardiac biomarkers.
At that point, electrochemical methods provide many advantages such as sensitive, selective,
rapid, portability, low price, and simplicity. These methods can be applicable to many analytical
chemistry fields. Especially, voltammetric techniques have a common use for the detection of
biological substances, metabolites, and drugs.

Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) have excellent techniques for
the investigation of mechanisms. In the cyclic voltammetry technique, the scan speed is
changed and the results of peak heights can be evaluated. From the rate of change in scan rate
and peak heights, adsorption, diffusion, and electron transfer the presence or absence of
chemical reaction events and their size can be determined.

Bhatnagar et al. used CV method for detection of cTnl antibody conjugated with graphene
quantum dots and polyamidoamine nanohybrid modified gold electrode. 4-Aminothiophenol
was used for amine functionalization of the screen printed gold electrode surface. The amino
groups were coupled with carboxyl functionalities of GQD with EDC-NHS reaction. PAMAM
dendrimer was embedded on GQD through carbodiimide coupling to provide an ultra-high
surface area for antibody immobilization. The linearity range was obtained by cyclic
voltammetry between 1076 and10 ng per 6 UL cTnl in serum and the limit of detection was
found 25 fg mL™* [33].
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For the sensitive detection of compounds, differential pulse voltammetry (DPV) and square
wave voltammetry (SWV) have been used. Centi et al. studied on sensitive detection of CRP in
serum. The assay was based on a sandwich format in which an RNA aptamer was coupled to a
monoclonal antibody and alkaline phosphatase (AP) was used as an enzymatic label. Enzymatic
reaction results were investigated by DPV method. All DPV method parameters were optimized
to obtain high sensitivity and specificity. CRP could be successfully detected at the optimized

conditions in serum samples [62].

Sun and coworkers studied on sensitive detection of tumor necrosis factor . This biomarker
based on dual signal amplification of ferrocene modified self-assembled peptide nanowire and
glucose oxidase functionalized gold nanorods were developed. Ferrocene carboxylic acid
functionalized self-assembled peptide nanowire could increase the surface area. Ferrocene
carboxylic acid can catalyze the glucose reaction. Gold nanorods achieved high sensitivity for

tumor necrosis factor a with a wide linear range between 0.005 and10 ng mL™* [110].

A disposable electrochemical assay involving magnetic particles and carbon-based screen-
printed electrodes (SPCEs) was developed for the detection of CRP. CRP is a plasma protein
and is among the most expressed proteins in acute phase inflammation cases, being a known
biomarker for inflammatory states. The assay was based on a sandwich format in which an
RNA aptamer was coupled to a monoclonal antibody and alkaline phosphatase (AP) was used
as an enzymatic label. After the sandwich assay, the modified magnetic beads were captured
by a magnet on the surface of a graphite working electrode and the electrochemical detection
was thus achieved through the addition of the AP substrate (a-naphthyl-phosphate) and a-
naphthol produced during the enzymatic reaction was detected using differential pulse
voltammetry (DPV). The parameters influencing the different steps of the assay were optimized
in order to reach the best sensitivity and specificity. With the optimized conditions, the assay
was applied to the analysis of CRP free serum and serum samples.

Stripping voltammetry methods appreciate the ultra-trace detections via preconcentration of
analytes. Szymanski et al. developed a validated anodic stripping voltammetry method for
detection of MYO. They used silver nanoparticles on a screen printed planar carbon electrode.
They prepared a sandwich type immunosensor and could detect 3ng mL™ biomarker
concentration [131].

The amperometric detection has common usage in electrochemical sensing analytes. In recent
years, it has increased interest because of its high sensitivity, rapid and broad linear range. This
method can be preferred for the development of portable smart immunosensors. Jo et al.,
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developed an amperometric method for the detection of cTnl. Disposable screen-printed carbon
electrodes were used with various modifications such as gold nanoparticles and conducting
polymers (Figure 12). The amperometric response was related to the catalytic reaction between
hydrazine and hydrogen peroxide. The developed aptasensor was showed broad linear range
between 0.024 and 2.4 ng mL™ with a detection limit of 24 pg mL™ that is lower than cut off
levels of 40-700 pg mL* [196]. Electrochemiluminescent (ECL) and photoelectrochemical

assays are also used for optical and electrochemical detection.

HERE FIGURE 12

EIS is also a very effective technique in biosensor studies. Impedance spectroscopy is an
effective technique for investigating electrochemical systems and methods. All total resistance
in a circuit is called impedance. EIS, unlike electrochemical techniques, both in volume studies
and in interface operations that related with time constants. Furthermore, EIS is a method of
electrochemical measurement of a wave signal at a small size, based on the perturbation of the
cell. The applied potential for perturbation can be a wide range that the applied current or the
velocity of convection in hydrodynamic electrodes [197]. Impedance depends on total change
in the resistance which is affected by the capacitance and inductive changes. Whether or not
the EIS data is correct is determined by an electrical circuit. This circuit involves three
parameters such as resistor, capacitor, and inductor. The simplest cycle of the EIS is Randles
circuit [198]. The solution resistor has a double layer capacitor and a charge transfer or
polarization capacitor. EIS performs for label-free and rapid detection of ultra-low-
concentration analytes. EIS can achieve rapid, label-free, and ultrasensitive biomarker detection
and can measure multiple markers simultaneously [199-201].

Singal et al. developed a stable electrochemical impedance immunosensor with Pt nanoparticles
with electrochemically oxidized graphene modified glassy carbon electrode to quantification of
cTnl. 3-Mercaptopropionic acid (MPA) functionalized Pt-nanoparticles, Pt (MPA), were bound
to electroactive graphene (EG) using 1-pyrenemethylamine (PMA). Carbodiimide coupling
reaction was performed to form an anti-cTnl-Pt (MPA)-PMA/EG/GCE (Figure 13). This
biosensor was detected cTnl in a wide linear range between 0.01 and 10 ng mL™ in phosphate
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buffer saline (pH 7.4) with a sensitivity of 80 Q cm? per decade and a limit of detection of
4.2 pg mL™ cTnl [48].

HERE FIGURE 13

3. Conclusions and Future Perspectives

The cardiac biomarkers provide important information for clinicians by assisting in the
guidance of diagnostic, prognostic, and treatment decisions for patients presenting urgently
with signs and symptoms of myocardial infarction. According to the literature, published
studies are increasing on detection of cardiac biomarkers. Several analysis and detection
methods have been applied by optic, chemiluminescence, radioimmunoassay, enzyme-linked
immunosorbent assay methods. These methods have several problems such as longtime
consumption, expensive equipment, and pretreatment process. Unlike these mentioned
methods, electrochemical methods have great features like rapid, mobile, cheap devices,
reliable, precise and etc. In this review, it is aimed to present a summary of the recent studies
on cardiovascular diseases biomarkers detections by electrochemical methods. According to
the literature survey; SWV, DPV and EIS have been most preferred methods for detection of
cardiac biomarkers. EIS method has been used generally for sensor morphology
characterization to show different materials on sensor surfaces. SWV and DPV methods were

optimized for sensitive detection of cardiovascular biomarkers.

The most used nanoparticles for fabrication of biomarker biosensors also are presented.
According to the literature, gold and carbon based nanoparticles have very often usage for
detection of cardiac biomarkers. Nanomaterials have great interest about their integration into
biosensor devices since they can improve the detection sensitivity and limit of detection values.
They are preffered due to their easy synthesis and easy integration to any type of sensors.
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Cardiovascular biomarker detection studies can be used in future at clinics due to their easy
sample preparation for the measurements and fast application from blood or other biological
samples from patients. Rapid and accurate diagnosis, risk stratification, and management
decisions will continue to be aided by biomarkers. They play an invaluable role in providing
effective care while minimizing healthcare costs. So that, many cardiovascular diseases can be
predicted previously. In recent days, there has been growing interest to use lab-on a chip
biosensors that is known as the mobile sensing based on smartphone and microfluidic devices.
These devices have powerful imaging and computing capabilities to achieve fast data
acquisition and reporting. These features are very important for personals and patients. In next

future, lab-on a chip sensor will be used in cardiac diseases and other diagnosis of diseases.
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Figure and Table Legends

Figure 1. Global status report on leading causes of deaths in all over the world [1].

Figure 2. Cyclic voltammetry of SPEs at different concentrations of ¢TnT (1.0, 2.5, 5.0 and
10 ng mL™1, (a)—(d), respectively), in the presence (a) and absence (b) of the microspheres on
the epoxy-based composite °. Reprinted from ref. [27] with permission of Elsevier.

Figure 3. (a) Nyquist plots (Z' vs. — Z") obtained from (i) ITO (o), (ii) NP/ITO (o), (iii)
rGO/ITO (A) and (iv) rtGO-NP/ITO (), each in 5 mM [Fe(CN)g]® 7*~ solution. The solid lines
represents the experimental fit results to the measured data; (a, inset) Modified Randles
equivalent circuit used to fit the experimental data to extrapolate impedance parameters; (b)
Bode plots obtained after various steps of the process for (i,—) rGO-NP; (ii, — — —) MPA; (iii,
--) EDC-NHS; (iv, —-) for anti-CRP; (v, —-) for BSA and (vi, - - - -) for CRP (1 pg mL™1)
towards developing CRP detection sensor 6. Reprinted from ref. [60] with permission of
Elsevier.

Figure 4. Electrochemical response of the PB-CeO; immunosensor at —0.2 V to 1 mM
H.0; after incubation with TNF-a of various concentrations. From a—e, 0.01, 0.05, 0.1, 0.5,
5ng mL. Reprinted from ref. 7 with permission of Elsevier.

Figure 5. Electrochemical evaluation in presence of 5 mM [Fe(CN)s]>*”* redox probe of
template rebinding with (A) MIP and (B) NIP receptor films, after incubation in different
concentrations of MYO (from 0.001 ng mL* to 100 ug mL%,in 0.1 M PBS pH 7.0) for 10 min.
Reprinted from ref. & with permission of Elsevier.

Figure 6. Schematic view of the stepwise fabrication of immunosensor and the mechanism of
detection. Reprinted from ref. [171] with permission of Elsevier.

Figure 7. (A) The synthesis proces for N-prGO; (B) XPS results for N-prGO; (C) GC responses
with cyclic voltammetry (black), GC/prGO (grey), and GC/N-prGO (blue) using
[Fe(CN)e]* (5 mM)/PBS (0.1 M), scan rate =100 mV s™%; (D) morphology study of GC/N-
prGO via SEM. Reprinted from ref. [172] with permission of Elsevier.

Figure 8. (a) Equivalent circuit, (b) Nyquist plots that conducted after each step of
functionalization for the biosensor (10 mg mL™ cysteamine, 25% glutaraldehyde, 1 mg mL™!
Neutravidin, and 150 ug mL* aptamer), (c) Functionalization process (d) Nyquist plots of EIS
experiments conducted after each successive concentration of BNP demonstrating an increase
in charge-transfer resistance with an increase in BNP concentration, (e) Nyquist plots of EIS
experiments conducted after each successive concentration of TnT demonstrating an increase
in charge-transfer resistance with an increase in TnT concentration. All EIS experiments were
conducted in 5mM (Fe(CNg)>7) in 10mM PBS, with 5 um polished 0.5 mm diameter
platinum working electrodes, Ag wire reference electrode, and Pt wire counter electrode across
300,000 Hz—0.01 Hz at 10 mV rms AC voltage. Reprinted from ref. [174] with permission of
Elsevier.

Figure 9. (A) Schematic representation of liquid crystal immunosensor surface, (B) response

to PB solution (base peak) and inhibition response to 44.2 ng mL™* of Mb antigen. Reprinted
from ref. [176] with permission of Elsevier.
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Figure 10. DPV signal responses of (A) AgNCs in situ-synthesized on the PDDA-
Aulelectrode; (B) PDDA-AU/HS-DNA/electrodes for (a) in the absence of target Thrombin,
(b) in the presence of target Thrombin (1 nM) with DNAzyme amplification, (c) in the presence
of target Thrombin (1 nM) with DNAzyme amplification and HCR (H1 and H2 without C-rich
loop region), (d) in the presence of target Thrombin (1 nM) with DNAzyme and HCR double
amplification (H1 and Hz with C-rich loop region). Reprinted from ref. [12] with permission of
Elsevier.

Figure 11. Binding interactions of CRP (contains two Ca?* in each unit) within MIP cavities.
Reprinted from ref. [183] with permission of Elsevier.

Figure 12. Analysis of each modification step. (A) Cyclic voltammograms for the modification
processes. CV was carried out in PBS at scan rate of 100 mV/s. (B) Nyquist plots of the
modification processes. Impedance was measured in PBS containing 5 mM [Fe(CN)g]>*.
Reprinted from ref. [189] with permission of Elsevier.

Figure 13. The fabrication of the anti-cTnl-Pt(MPA)-PMA/EG/GCE and ) Nyquist plots of
every step through fabrication of anti-cTnl-Pt(MPA)-PMA/EG/GCE in PBS (0.1 M KCI; pH
7.4) containing 2 mM [Fe(CN)s]*# . Reprinted from ref. [43] with permission of Elsevier.
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Figure 3. (a) Nyquist plots (Z' vs. — Z") obtained from (i) ITO (o), (ii) NP/ITO (o), (iii)
rGO/ITO (a) and (iv) rGO-NP/ITO (<), each in 5 mM [Fe(CN)s]® 7*~ solution. The solid lines
represents the experimental fit results to the measured data; (a, inset) Modified Randles
equivalent circuit used to fit the experimental data to extrapolate impedance parameters; (b)
Bode plots obtained after various steps of the process for (i,—) rGO-NP; (ii, — — —) MPA; (iii,
--) EDC-NHS; (iv, —-) for anti-CRP; (v, —--) for BSA and (vi, - - - -) for CRP (1 pg mL™1)
towards developing CRP detection sensor 6. Reprinted from ref. [60] with permission of
Elsevier.
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Figure 4. Electrochemical response of the PB-CeO2 immunosensor at —0.2 V to 1 mM
H»0; after incubation with TNF-a of various concentrations. From a—e, 0.01, 0.05, 0.1, 0.5,
5ng mLL. Reprinted from ref. 7 with permission of Elsevier.
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Figure 5. Electrochemical evaluation in presence of 5 mM [Fe(CN)s]>*”* redox probe of
template rebinding with (A) MIP and (B) NIP receptor films, after incubation in different
concentrations of MYO (from 0.001 ng mL* to 100 ug mL%, in 0.1 M PBS pH 7.0) for 10 min.
Reprinted from ref. & with permission of Elsevier.
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Figure 7. (A) The synthesis proces for N-prGO; (B) XPS results for N-prGO; (C) GC responses with
cyclic voltammetry (black), GC/prGO (grey), and GC/N-prGO (blue) using [Fe(CN)e]* (5 mM)/PBS
(0.1 M), scan rate=100 mV s%; (D) morphology study of GC/N-prGO via SEM. Reprinted from ref.

[172] with permission of Elsevier.
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Figure 8. (a) Equivalent circuit, (b) Nyquist plots that conducted after each step of functionalization for
the biosensor (10 mg mL?! cysteamine, 25% glutaraldehyde, 1 mg mL* Neutravidin, and 150 pg mL*
aptamer), (c) Functionalization process (d) Nyquist plots of EIS experiments conducted after each
successive concentration of BNP demonstrating an increase in charge-transfer resistance with an
increase in BNP concentration, (e) Nyquist plots of EIS experiments conducted after each successive
concentration of TnT demonstrating an increase in charge-transfer resistance with an increase in TnT
concentration. All EIS experiments were conducted in 5 mM (Fe(CNe)*7#") in 10 mM PBS, with 5 um
polished 0.5 mm diameter platinum working electrodes, Ag wire reference electrode, and Pt wire counter
electrode across 300,000 Hz-0.01 Hz at 10 mV rms AC voltage. Reprinted from ref. [174] with

permission of Elsevier.
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with permission of Elsevier.
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Figure 10. DPV signal responses of (A) AgNCs in situ-synthesized on the PDDA-Au/electrode; (B)
PDDA-Au/HS-DNA/electrodes for (a) in the absence of target Thrombin, (b) in the presence of target
Thrombin (1 nM) with DNAzyme amplification, (c) in the presence of target Thrombin (1 nM) with
DNAzyme amplification and HCR (H1 and H. without C-rich loop region), (d) in the presence of target

Thrombin (1 nM) with DNAzyme and HCR double amplification (H: and H2 with C-rich loop region).
Reprinted from ref. [12] with permission of Elsevier.
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Figure 11. Binding interactions of CRP (contains two Ca?* in each unit) within MIP cavities. Reprinted
from ref. [183] with permission of Elsevier.
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Figure 12. Analysis of each modification step. (A) Cyclic voltammograms for the modification
processes. CV was carried out in PBS at scan rate of 100 mV/s. (B) Nyquist plots of the modification
processes. Impedance was measured in PBS containing 5 mM [Fe(CN)g]*/*. Reprinted from ref. [189]
with permission of Elsevier.
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Figure 13. The fabrication of the anti-cTnl-Pt(MPA)-PMA/EG/GCE and ) Nyquist plots of every step
through fabrication of anti-cTnl-Pt(MPA)-PMA/EG/GCE in PBS (0.1 M KClI; pH 7.4) containing 2 mM
[Fe(CN)s]* " . Reprinted from ref. [43] with permission of Elsevier.
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Table 1. Analytical parameters of clinical different biosensor platform recently used for

Cardiac Troponin (cTnl&cTnT) biomarkers

Biomarke | Method | Transducer Linearit | LOD/LO Applicatio | Referenc
r yRange | Q n e
cTnl EIS Au/MHA/TMB/Den/anti- 0.001 -1 0.0002 ng | Serum [33]
Tnl/Au electrode 1.00 ng | mL? sample
mL?
cTnl DPV Anti-cTNI/ GQD / PAMAM/ | - 20 fg mL? Serum [34]
Au electrode sample
cTnl SWV lonic organic molecule/ CTS- | 0.20 - 1.00 | 0.10 ng mL* | Serum [27]
AUNPs/GCE ng mL* sample
cTnT cv Lateral flow membrane /SPE 0-700 ng | 0.15ngmL? | - [35]
mLt
cTnT EIS Anti-cTnT/COOH- 0.1-10 ng | 0.033 ng | Serum [36]
CNT/PEI/Au electrode mL? mLt sample
cTnT SWvV Fc/SiNps/ disk-type Au | 0.024-240 | 24 pg mL? Serum [37]
electrode ng mL*t sample
cTnl CA Sandwich aptamer/ SPCE 0.024-2.4 | 24 pg mL™*! Serum [38]
ng mL? sample
cTnT DPV MIP/ Au electrode 0.009-0.8 | 9pgmL? Serum [39]
ng mL: sample
cTnT DPV AuNPs/Glycine/anti- 0.01-1.00 0.005 ng | Serum [29]
cTnT/graphene/SPE ng mL* mLt Sgnple
cTnl DPV GS/MWCNT/CS/GA/MIP/GC 0.005 -60 | 0.0008 ng | Serum [40]
E ng mL* mLt sample
cTnl CA Poly(0-ABA)/GCE 0.05-5.0 0.016 ng | Serum [41]
ng mLt mL-t sample
cTnl EIS Anti-cTnl/ CNF nanoelectrode | 0-10 ng | 0.2ngmL? | - [42]
mL*t
cTnl AdSSW Copper/C-dots@AuNP/ 35 fg | 11fgmL? Serum [43]
\% GA/CS/GCE mL- 350 sample
ngmL*t
cTnT EIS PAP/FTO - 18 ng mL? -
cTnl AdSV Anti-cTnl/ AuNP/ DDAB/SPE | 0.1-32 ng | 0.1ng mL* Serum [45]
mL? sample
cTnT CA Streptavidin-microsphere/SPE 0.1- 10 ng | 0.2ngmL* | Serum [28]
mLt sample
cTnT DPV NH2-CNT /SPE 0.0025- 0.0035 ng | Buffer [46]
0.5ng mL- | mL? solution
1
cTnT DPV MIP/graphene SPE 0.01- 0.1 | 0.006 ng | Serum [47]
ng mL* mL?t sample
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cTnT EIS anti-cTnl/PMA/EG/GCE 0.01-10 42pgmL?t |- [48]
ng mL*t
MYO ASV AgNps/SPE - 200 pg mLT | - [49]
cTnT 150 pg mL*
cTnl SWvV anti-cTnl/PdNP/SPE 0.1-40 ng | 0.1 ngmL™ | - [50]
anti-cTnl /PtNP/SPE mL? 0.07 ng mL"
0.1-55 ng | *
mLt
cTnT DPV XGnP/AuNps-HEP/GCE 0.050-0.35 | 0.016 ng | Serum [51]
ng mL! mLt sample
cTnl EIS Mn304-RGO/ microfluidic | 0.008-20 | 8.0pgmL™ | Serum [52]
electrode ng mL* sample
cTnl CA PDDA/RGO/Au electrode 0.1-10 ng | 0.024 ng | Serum [53]
mL? mLt sample
cTnT SWV anti-cTnT/AuNps/ hybrid | 0.1-0.9 ng | 0.076 ng | Serum [54]
material/GCE mL? mLt sample
cTnl EIS Anti-cTnl/Ag(MPA)/ 20 ng mL™ | 55ngmL?t | - [55]
APTES/ITO 1-1 ng mL-
cTnl CcVv Anti-cTNI/AuNps/ITO 1-100 ng | - -
mLt [30]
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Table 2. Analytical parameters of clinical different biosensor platform recently used for CRP

biomarkers
Method Transducer Linearity LOD/L Applicat | Refe
Bioma Range oQ ion rence
rker
CRP CA CNTSs/SPE 05 - 200 ng | 0.5 ng | Serum [67]
mL! mLt sample
CRP EIS MUA /Au-SPE - - - [68]
CRP EIS GQD/GCE 10 -1466 ng | 3.68 Serum [69]
mL! ng mL? | sample
CRP EIS HS-C11-(GR)s-OCH,- 10-1000 ng | 368 ng | Serum [70]
COOH/Au electrode mL?! mLt sample
CRP DPV magnetic particles/ 0-1000 mg L= | 5.4x102 | Serum [62]
SPE L mg Lt sample
NT- CA MB/dual SPdCE 0-4000ng mL- | 0.47 ng | Serum [18]
proBN 1 mL?t sample
P CRP 2.0 -100 ng
mL!
CRP cv Au-SPE 052 -20 pg |22 ng | Serum [71]
mL! mLt sample
CRP | DPV EDOTPC/GCE 209-3351 ng | 775 ng |- [72]
mL?t mL?t
CRP EIS carbodiimide/anti-CRP/ VACNFs | 0- 87 ng mL* 11ngmL | - [61]
based NEAs !
CRP EIS anti-CRP/ 100-500 fgmL- | 100  fg | Serum [73]
protein G /Au 1 mLt sample
CRP EIS SAM/GA/CRP/CRP/Au 1.15x10°° - - - [74]
electrode 1.15mg L?
CRP Potentiometry | monoclonal anti-CRP/GA/ZnO | 1.0 x 10°-1.0 | - Serum [66]
nanotubes x 100 mg L sample
CRP EIS and CV anti-CRP / thiol/carbodiimide/ | 100 pg mL*- 1 | 100 pg | Synthetic | [75]
Mo pg mL?t mL? urine
sample
CRP CA Au microfluidic disc 0-25 ng mL! 49 pg | Biologic | [76]
mL?t al
samples
CRP DPV anti-CRP/ STV-PbS | 0.2-100ng mL- | 0.05 ng | Serum [63]
QDs/graphite SPE ! mL* sample
CRP DPV poly(3-ATP)/anti-CRP/ 75 ng mL?t - | 7.24 pg | Serum [58]
graphite 150 pg mL?t mL?t sample
CRP EIS diatom membrane/ Au 1pg mL*-1pg | 1pg mL?* | Serum [77]
MPO mL?! sample
CRP CA Microfluidic disc 1-125ngmL?* | 0.36 ng | Serum [78]
mL* sample
CRP- | EIS Anti-CRP/ZnS(MPA)-PPy 10 ng mL1-10 | - Buffer [64]
Ag /ITO pg mLt solution
CRP EIS Anti-aCRP/ Au(MPA)/ | 10ng mL™-10 | 19.38 ng | - [79]
PPy/ITO pgmLt mLt
CRP EIS Pt(MPA)/ PPy bioelectrode 10 ng mL? - | 454 ng | Serum [80]
10 pgmL™? mL! sample
CRP EIS anti-CRP/ protein G | 100 fg mL*- 1 | 100 fg | Buffer [25]
intermediate layer/Au ng mL? mLt solution
CRP EIS CRP- Ab(BSA)/ NHS/ MUA/ | 45 ng mL*- | 30 ng | Buffer [81]
MPA/Au 5.84 pg mL*! mL? solution
CRP EIS Anti-CRP/PyNHS/rGO/SPCE | 10 ng mL™*-10 | - - [82]
pgmLt
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CRP DPV anti-CRP/Au 6.25- 50 pg|0.78 pg | Serum [83]
mL! mL? samples
CRP EIS redox probe/Au 10.4-209.4 ng | 16.7 ng | Phosphat | [84]
mL! mL? e buffer
CRP EIS Anti-CRP/Pt(MPA)- 10 ng mL?t -84 ng|- [61]
PMAJ/AG/GCE 10 pg mL™? mL!
CRP EIS Anti-CRP/ssDNA/Au 3.125-25 mg | - Serum [85]
Lt samples
CRP SwWwv Cus(POs)2/ PDA/rGO/GCE 05pgmLt-1| 0.13 pg | Serum [86]
ng mL? mL? sample
CRP EIS anti-CRP/ DSP/Au lpgmLt-lpug | - Serum [87]
mL?! sample
CRP EIS anti-CRP/ NCD/Au 1.25 pgmLt 12.5 pg | Serum [88]
mL* sample
CRP SWV Zn?*/Ab/Au NPs@Si | 0.005 -125 ng | 0.0017 Serum [89]
MSs/GCE mL! ngmL? | sample
CRP EIS rGO-NP/ITO 1 - 1000 ng | 0.06 ng | Serum [65]
mL! mL? sample
CRP EIS GMI/Au 1-10ngmLt |1 ng | - [90]
mL?
CRP DPV rGO-TEPA/GCE 0.05 - 100 ng | 16.7pg Serum [91]
sCD40 mL! mL? sample
L 13.1pg
mL?t
CRP DPV anti-CRP/AuNps/DNA/ 10 fg mL?'-| 033 fg| Serum [92]
CuNps/GCE 100 ng mL* mL? sample
cTnl PEC ALP/AChE/CdS/ TiO, NTs | 50ngmL?*-50 | - - [93]
CRP electrode pg mL?t
0.1 ng mL*- 5
pgmL?!
CRP DPV MoS,-PANI-GNPs/GCE 0.2-80ngmL- | 40 pg | Serum [94]
L mLt sample
cTnl AdSSWV anti-cTnl, anti-CRP/PDMS- | 0.01-50 pg L* | 5 Serum [95]
CRP GNP/Microfluids disc 0.5-200 pg L't | amol/30 | sample
pL
307
amol/30
pL
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Table 3. Analytical parameters of clinical different biosensor platform recently used for TNF-

o biomarkers

Biomarker | Method Transducer kg:fgg LOD/LOQ | Application | Reference
TNF-a DPV anti-TNF-a/ AuNps/ | 6.0-100 2.0 pg mLt | Serum [105]
MWCNTSs/ ionic | pg mL? sample
liquid/GCE
TNF-a DPV AuNps/DOXh/Au 1-1000 pg | 0.7 pg mL* | Serum [106]
mLt sample
TNF-a CA GR/PtNps3 matrix/ | 1-100 pg | 1pg mL? Children’s [107]
protoporphyrin IX/ | mL? cerebrospinal
graphene paste electrode fluid sample
TNF-o DPV Apt-Ag@Pt-GRs/SPE 50 - 70| 1.64 pg | Serum [108]
pg mL?* mL? sample
TNF-a DPV Ag@Pt-CNTs-CS/SPE 6.0-60 pg | 1.6 pg mL* | Serum [109]
mLt sample
TNF-a CA protoporphyrin/diamond | - 10 pg mL* | Cerebrospinal | [110]
paste electrode fluid sample
TNF-a SWV anti-TNF-o /Fe- | 0.005-10 | 2 pg mL1t Serum [111]
PNW/GNR ng mLt sample
PDDA/GCE
TNF-a DPV AuNps/ poly (styrene- | 0.02-200 | 0.01 ng | Serum [112]
acrylic  acid)/ALP-Ab2- | ng mL? mL?t sample
GNPs/PSA/GCE
TNF-o CA PB-Ce02/CS/ 0.005-5 | 2pgmL?t | Serum [104]
Ab1/AuNps/CNT/GCE ng mL?* sample
TNF- a cVv anti-TNF- a/K-CS- | 0.02-34 | 10 pg mL* | Serum [113]
GA/GCE ng mLt sample
TNF- o DPV CB/AuUNps/CS 0.001- 0.5 pg mL* | Serum [114]
100 ng sample
mL?
TNF- o SWV Fc/ Phe/GCE 1 pg mL | 0.5pg mL?! | Serum [115]
110 ng sample
mL?
TNF- o EIS anti- TNF- o/DSP/Au 1-100 pg | ~1.4  pg | Cell culture [116]
mL? mL?!
TNF- o DPV Ag@Pt-GRs/Au SPE 0-60 pg | 2.07 pg | Serum [117]
mLt mLt sample
TNF- o EIS anti-TNF-o/Au 1- 15 pg | - Artificial [118]
mL* human saliva
TNF- o SWV 10 mM aptamer/Au 10 - 100 | 10 ng mL* | Serum [119]
ng mL?* sample
TNF- a DPV Affibodys/MYO/SPE 76-5000 | 38 pgmL?t | Serum [120]
pg mL?t sample
TNF- a DPV SB/EA/anti-TNF- 500 pg | 60 pg mL?* | Serum [100]
a/DSP/Au mLt - sample
100ng
mL?
TNF- a DPV MMeELISA 0.48- 0.48 pg | Gingival [121]
2000pg mLt crevicular
mLt fluid sample
TNF- o DPV anti-TNF-0/C60-CNTs— | 5.0-75pg | 2.0 pg mL* | Serum [101]
IL/SPE mLt sample
TNF- o DPV Anti-TNF-o/FNAB/PC/ 100pg 100 pg mL- | Serum [122]
Au mL1-100 | ! sample
ng mL?*
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TNF- a EIS MYO/Anti- TNF- o/ Au | 1-1000 lpgmL?! | Serum [102]
pg mL?t sample

IL-6, IFN- | DPV MEEPS 10ngmL | 10 ngmL?t | - [123]

v, TNF -o 120 pg

1L-8 mL?

TNF -a EIS anti-TNF-a/CMA/Au 266  pg | - - [94]
mL-1- 666
ng mL?*

TNF -a EIS anti-TNF-o/P3/ITO 0.01-2 pg | 3.7 fg mL* | Human serum | [124]
mL?t and  saliva

sample

TNF —o CA HOOC-Phe- 1- 200 pg | 0.85 pg | Human serum | [103]

IL-1B DWCNTSs/SPCEs mLt mLt spiked
0.5-100 0.38 pg | Real  saliva
pg mL?t mL?t sample

TNF -a EIS anti-TNF-  o/carboxyl | 1-15 pg | 3.1 pgmL* | Real human | [125]

diazonium/Au mL?t saliva

TNF -a SWV MB/thiolated Au 9-88ng 5.46 ng | Cell culture [126]
mL?t mL?

TNF -a SWV MBs/SPCEs 2.0-5.8pg | 2.0 pg mL* | Serum [127]
mLt sample

Table 4. Analytical parameters of clinical different biosensor platform recently used for MYO

biomarkers
Biomarker | Method | Transducer ;?negg LOD/LOQ | Application | Reference
MYO EIS Anti-MYO /4-ATP SAM/Au | 350 ng | 55ngmL* | Saline and [132]
mLt-17.5 serum
pg mL? samples
MYO EIS Ab-MYO/AuUNps/APTES 10 ng mL- | 2.7 ng mL? | Serum [136]
NTO -1 g mL- sample
1
MYO CA PAP/PQI/IDAcarbon 0.001-100 | 0.4 pg mL* | Saline and [137]
nanoelectrode ng mL? human
serum
sample
MYO EIS Anti-MYO- 0.1-90 ng | 0.08ng Serum [138]
IgG/MWCNT/SPE mL! mL! sample
MYO cv CuS-MoS,/Anti- 0.005-20 | 1.2 pgmL* | Serum [139]
MYO/FME ng mL1t sample
MYO DPV MBA/AuNps/RGD/GR- 0.0001- 26.3 ng | Pork [140]
COOH/GCE 02gL?t | mL? samples
MYO DPV TCPP-Gr/AuNps/GCE 035 ng| 011 ng | Serum [141]
mL1-13.4 | mL? sample
pgmL*t
MYO EIS Anti-MYO/PtNP(PPy-PPa)- | 10 ng | 40ngmLt | - [142]
RGO/ITO mL-1 pg
mL™!
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MYO DPV DSP/SAM/Au 17.8-1780 | 9.8 ng mL- | Serum [143]
ng mL? L sample
MYO DPV MIP/MWCNT/GCE 1 pg [ 017 pg | Serum [144]
mL- 0.1 | mL? sample
mg mL?
MYO DPV DApt/ Exo I/ Au 0- 1.4 pg | 047 ng | Serum [145]
mL! mL! sample
MYO SWV MIP/AuSPE 0.001 ng | 14 pgmL? | Serum [133]
mLt -100 sample
pgmL?
MYO SWv MIP/PVC-COOH/ Au-SPE | 1.1-2.98 2.25 ug | Serum [146]
pgmL? mL? sample
MYO SWV SPAM/Au-SPE 0.59- 0.28  pg | Spiked [147]
18.77 pg | mL™? biological
mLt fluid sample
MYO SWV | PAP/Au-SPE 353-53.3 (222  pg | Serum [148]
EIS pug mL? mL?t sample
MYO EIS Anti-MYO/GQDs/ 0.01-100 | 0.01 ng | Serum [149]
SPE ng mLt mL? sample
MYO DPV MWCNT/MIP/SPE - - Serum [150]
sample
MYO SWV Ab-MYO/AuNp - - - [151]
DDAB/SPE
MYO EIS Ab-MYO(BSA)/ 10 ng mL- | - - [152]
ZnS(MPA)- -l pg
RGO/APTES/ITO mL-!
19G CA PANI  nanowire/  Anti- | 5 ng mL? | 3ngmL? |- [153]
MYO MYO/Au 25 g | l4ngmLt
mL?t
5ng mL2-
278 ug
mL!
MYO cv Ti-NT/GCE 0.001- 0.1 | 1 pgmL?* | Serum [130]
mg mL! sample
MYO cv PLL/BP/anti-MYO  DNA | 1 pgmL™ | 0524 pg | Serum [154]
aptamers/SPE -16 pg | mL? sample
mL?
MYO EIS Pt(MPA)/Anti-MYO/ ITO 0.01 g | sub-pg mL- | Serum [155]
mLt - 1|1 sample
pg mLt
MYO EIS PPy-PPa/RGO/ ITO 10 ng | - Serum [128]
mLL- 1 sample
pgmL?
MYO cv rGO/CNT/SPE 1ng mL!|0.34 ng |- [156]
- 4 mg | mL?
mL!
MYO DPV AuNp@rGO/SPE 1ng mL?t | 0.67 ng | Serum [157]
-1400 ng | mL? sample
mL?
MYO EIS Anti-MYO(BSA)/ 10 ng |- N [158]
ZnS(MPA)/APTES/ITO mL?- 1
pgmLt
MYO SWvV AuNp/DDAB/Anti- 10-1780 10ng mL? | Serum [159]
MYO/SPE ng mL1 sample
CK-MYO | SWV Pcrea/Au-SPE 0.48-28.8 | 0.11 pg | Serum [160]
pg mL! mLt sample
MYO cv Nafion/MYO/Au/GR/CILE | 346 pg| 115 pg|- [161]
mL-1- mL-t
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MYO CcVv CS/MYO- 0.2 -11.0| 018 ng | - [162]
Fe;0,@Si0,/CILE ng mL? mL?
MYO ASV AgNps/SPCE - 3ng mL? - [131]
CK EIS Ab-CK/Au(MPA)/ 10 ng mL- | 5.3ng mL* | Serum [163]
APTES/ITO - 05 pg sample
mLt
MYO EIS AuNp-PPy- 10 ng | 1.49 ng | Serum [164]
PPa/RGO/APTES/ITO mL -1 pug | mL? sample
mL™!
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Table 5. The cut-off level, accuracy, sensitivity and specificity values of cardiovascular
biomarkers at admission and sixth hour time.

Cut-off Predictive Common  sensitivity — and
level accuracy specificity
At admission time
¢TnT (ng mLY) 0.05 0.643 52%
MYO (ng mLY) 23 0.623 63%
CRP (mg dL™) 0.31 0.662 66%
CK-MB (ng dL) 2.0 0.721 72%
Serum fibrinogen (mg | 360 0.701 69%
dL?)
cTnl (ng mL%) 0.30 0.870 86%
At 6 h control
cTnT (ng mLY) 0.05 0.612 61%
MYO (ng mLY) 26.0 0.617 63%
CK-MB (ng mL%) 25 0.734 73%
CRP (mg dL?) 0.55 0.682 2%
cTnl (ng mLY) 0.5 0.909 83%
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