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Abstract

In this chapter, we evaluated electrochemical biosensors designed to diagnose
various diseases. The biorecognition elements in these biosensors consisted of
antibodies, aptamers, and peptides. The studied biosensors used different nano-
materials (nanoparticles, nanostructures, nanocomposites, and other nano-based
materials) to amplify the output signals and increase the diagnostic sensitivity.
Here, all efforts were made to review and introduce the latest related research. The
classification of the included biosensors was based on the type of biorecognition
element and the type of analyte related to each type of disease, where a number of
them were evaluated and reviewed in detail. Other designed biosensors related to
each defined section have also been presented in several tables. Complete details
of each biosensor have been offered in the tables. The final sections of this chapter
provide a brief overview of the importance, prospects, and future of these
biosensors.
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1 Introduction

The use of new technologies is an important achievement in the rapid and accurate
diagnosis of various diseases (Choudhary et al. 2016; Mahapatra et al. 2020). Bio-
sensors are devices that respond to the presence of a particular substance (analyte) in
an environment and produce measurable signals (Felix and Angnes 2018;
Negahdary 2020a, b; Negahdary et al. 2020). A biosensor is composed of
(at least) three parts: a biorecognition element, a signal transducer, and a detector.
The analyte recognized by a biosensor comprises a wide range of chemical or
biological substances, such as small organic molecules, peptides, proteins, nucleic
acids, carbohydrates, tissue, or whole cells (Bakshi et al. 2021; Rong et al. 2021,
Zhao et al. 2021; Yang et al. 2021; Zhang et al. 2021b; Abrego-Martinez et al. 2022;
Bhatnagar et al. 2018; Shanbhag et al. 2021). The most selective biorecognition
elements more recently introduced for biosensors include antibodies, aptamers, and
peptide sequences. Ideally, this component should have a high affinity (low limit of
detection (LOD)), high selectivity (minimum interference effect), wide dynamic
range, and short response time (Negahdary and Heli 2019a; Heiat and Negahdary
2019; Negahdary et al. 2019a; Negahdary and Heli 2019b; Taheri et al. 2018;
Chandra et al. 2012). A signal transducer can convert a molecular recognition
event into a measurable signal such as fluorescence, chemiluminescence, colorimet-
ric, or electrochemical/electrical outputs (Ondes et al. 2021b; Song et al. 2021;
Amouzadeh Tabrizi et al. 2021). The selection of signal transducer depends on
other considered biosensor components and the type of detection technique(s).

In this chapter, our emphasis is on diagnosing diseases using electrochemical
techniques. Biosensors equipped with various nanomaterials have recently provided
efficient diagnoses for many acute and chronic diseases (Negahdary and Heli 2018;
Negahdary 2020a, b; Mahato et al. 2018). The combination of biorecognition
elements with nanomaterials, or the modification of the surface of the signal trans-
ducers with nanomaterials, has created biosensors with higher sensitivity and spec-
ificity (Pumera et al. 2007; Mahato et al. 2019). The purpose of designing and using
nanobiosensors to diagnose various diseases is to reach a faster diagnosis, higher
sensitivity, more accessible (portable), and less expensive application.

The available detection methods to diagnose various diseases often have several
challenges to be overcome, such as lowering their cost, decreasing the time for each
analysis, simplifying complicated diagnostic procedures, improving their specificity,
and minimizing the effect of interfering agents (Gooding 2006; Morales and Halpern
2018).

One of the long-term goals of nanobiosensors design is to provide sensitive,
selective, and portable diagnostic tools that will offer early diagnosis and
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subsequently accelerate therapeutic procedures. Nanobiosensors have great potential
for important applications to diagnose many diseases, among them myocardial
infarction (MI), cancers, and so on, that can save the lives of thousands of patients
each year and significantly reduce the treatment costs (Negahdary and Heli 2019a, b;
Heiat and Negahdary 2019; Negahdary et al. 2019a; Taheri et al. 2018). Because it is
clear that rapid diagnosis of diseases increases the likelihood of treatment and rescue
of patients, the rapid diagnosis of diseases in the early stages can also reduce
treatment costs. Nanobiosensors can also be used to diagnose and monitor the status
of diseases such as cancers (Heiat and Negahdary 2019).

In this chapter, we investigated the application of electrochemical nanobiosensors
in the diagnosis of various diseases. It should be noted that three essential
biorecognition elements used to build nanobiosensors (antibodies, aptamers, and
peptides) and also analytes have been applied for the classification. This chapter
covers the recent primary efforts to design electrochemical nanobiosensors
(immunosensors, aptasensors, and peptide-based biosensors) to diagnose various
diseases, all the articles being discussed here, whereas the most of included
researches was published in 2020-2021. It is hoped that our presentation in this
chapter can be used as guiding content for the design of new electrochemical
nanobiosensors.

2 Applications of the Electrochemical Nano Immunosensors
in the Early Diagnosis of Diseases

The most decisive laboratory test for diagnosing MI and myocardial injury is the
accurate measurement of troponin (Chapman et al. 2020). Troponin contains a set of
three protein subunits (Troponin T (TnT), Troponin I (Tnl), and Troponin C (TnC)).
Assays of Tnl and TnT are considered the gold standard of MI diagnosis when
patients with clinical signs are referred to the emergency units (Reichlin et al. 2009).
Figure 38.1 shows the three-dimensional structure of the troponin complex (Shave
etal. 2010). The subunits of this protein form a complex that regulates the interaction
between actin and myosin, which plays an essential role in the contractions of
various muscles, including the heart muscle. In the muscle contraction/relaxation
process, the three subunits — the calcium-binding component (TnC), the inhibitory
component (Tnl), and the tropomyosin-binding component (TnT) — perform com-
plementary roles (Katrukha 2013).

The European society of cardiology (ESC) and the American college of cardiol-
ogy (ACC) have also considered minor myocardial ischemia as MI. In fact, due to
the high diagnostic specificity of the troponin biomarker in the first days after a MI,
as well as the direct relationship between the amount of troponin released from
myocardial muscle and necrotic area into the circulation and the high stability of this
biomarker in the blood (8—14 days), this biomarker is considered as the best
preferred-biomarker for diagnosis of MI (Mair et al. 2018; Chapman et al. 2020;
Negahdary et al. 2017, 2018, 2019a, b; Negahdary 2020a; Negahdary and Heli
2019a).
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Fig. 38.1 Three-dimensional structure of the troponin complex in the process of muscle relaxation
and contraction. (Reproduced with permission from Shave et al. (2010))

In a research, an immunosensor was designed for detection of Tnl using a
modified glassy carbon electrode (GCE) with AuPtPd porous fluffy-like nano-
dendrites (AuPtPd FNDs) (Cen et al. 2021). Here, as one of the initial procedures,
AuPtPd FNDs were synthesized. First, 50 mmol L™' thymine was dissolved in
water, and then by using 1 M NaOH, the pH of this solution was increased to 10.
Afterward, the temperature of the mentioned solution was elevated to 60 °C, and
then 24.3 mmol L' HAuCl,, 38.6 mmol L~! H,PtCly, and 100 mmol L ™! H,PdCl,
were added. This mixture was kept at the mentioned temperature for 20 min
(Fig. 38.2). At the next step, 100 mmol L™ L-ascorbic acid (AA) was added and
stirred, and the achieved mixture was kept at room temperature for 12 h. Finally, the
product was centrifuged and dried at 60 °C. In order to design an immunosensing
platform, a defined amount of AuPtPd FNDs was dissolved in the deionized water,
and a drop of this suspension was transferred to the GCE surface (the signal
transducer). The suspension on the surface of GCE was dried at room temperature
naturally. At the next step, a defined concentration of Tnl antibody as the
biorecognition element was immobilized on the surface of GCE-AuPtPd FNDs,
and the unwanted binding sites of antibody molecules were blocked by bovine
serum albumin (BSA) (Fig. 38.2). Finally, the prepared biosensor was immersed in
the various concentrations of Tnl as the analyte. The electrochemical assays were
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Fig.38.2 An immunosensor designed to diagnose Tnl using a modified GCE with AuPtPd FNDs.
(Reproduced with permission from Cen et al. (2021))

followed using differential pulse voltammetry (DPV) in the presence of [Fe(CN)s]>~
as the redox marker while the counter and references electrodes were platinum and
saturated calomel, respectively. The presence of Tnl led to the decrease of DPVs
peak current. At this condition, the signal decrease was related to the electrode
surface’s reduced free area and the increment of analyte concentrations. This signal-
off immunosensor could detect Tnl in a linear range from 0.01 to 100.0 ng mL ™",
and the reported LOD was about 3 pg mL ™.

Carcinoembryonic Antigen (CEA) is a glycoprotein tumor marker produced in
the fetal gastrointestinal tract. Its levels before birth reach maximum but decline
immediately after birth. In the early 1960s, it was discovered that CEA was present in
the blood of adults with colorectal tumors and was initially thought the CEA to be
specific for colorectal cancer (Tang et al. 2020; Pishvaian et al. 2016; Xiang et al.
2013). It was then discovered that this tumor marker is present in patients with a
variety of carcinomas (cancers related to liver, bile duct, breast, and pancreas),
sarcomas, and even many benign diseases (colitis, diverticulitis, and cholecystitis)
and especially liver diseases such as cirrhosis and hepatitis is also present with high
levels (Al-Kazzaz and Dr 2015; Al-Mudhaffar and Dr 2017). This tumor marker is
used to determine the severity and prognosis of several types of cancers, as well as to
control and monitor several diseases. Smokers also have high levels of CEA. In
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general, its levels should generally be less than 5 ng mL ™" (Sajid et al. 2007; Tang
et al. 2007); otherwise, its level is abnormal. This tumor marker has the highest
possible level in metastasis and also in failed treatment of liver and bone cancers. By
measuring the level of this antigen, the patients can be informed about several
possible cancers in various stages.

In a study, an immunosensor was developed for early detection of CEA using a
modified GCE with ZnMn,O4@rGO nanocomposite and Au NPs (Fan et al. 2021).
As the first step, ZnMn,0,4@rGO nanocomposite was synthesized by the following
procedure: The GO solution was mixed with ethylene glycol and then ultrasonicated.
Afterward, the obtained suspension was mixed with the defined concentrations of
urea, MnCl,-4H,0, and ZnCl, and then inserted in an oil bath and kept at 200 °C for
24 h. Then, the filtration was performed, and the mixture was kept at 60 °C for 12 h.
Finally, the material was calcined at 600 °C for 2 h under N, atmosphere, and the
ZnMn,04@rGO nanocomposite was achieved. In order to set up the CEA
immunosensing platform, a GCE was applied as the signal transducer and modified
with the prepared 15 mg mL™" ZnMn,0,4@rGO nanocomposite by immersing the
working electrode in the related nanostructure solution. At the next step, the
GCE-ZnMn,0,4@rGO nanocomposite was modified with Au NPs through an elec-
trodeposition procedure (V: —0.2 V, time: 30 s). The Au NPs synthesis solution
consisted of 5 mmol L' HAuCl, and 0.01 M Na,SO,. Subsequently, a
CEA-specific antibody as the biorecognition element was immobilized on the
surface of the modified GCE with ZnMn,O4@rGO nanocomposite and Au NPs.
Then, the unwanted binding sites of the antibody on the surface of GCE were
blocked by using the BSA solution. Finally, the prepared immunosensor was
evaluated in the presence of various concentrations of the analyte. All the electro-
chemical measurements were followed using a three-electrode system; the men-
tioned GCE was the working, and platinum and Ag/AgCl electrodes were applied as
the counter and reference, respectively. The electrochemical assays were followed by
the DPV as the detection technique and supported by [Fe(CN)¢]>~*~ as the redox
marker. This electrochemical immunosensor could detect CEA in a linear range from
0.01 to 50 ng mL ™", and the reported LOD was equal to 1.93 pg mL™".

Prostate-specific antigen (PSA) is a protein produced primarily by prostate cells
(Wuetal. 2001). The prostate is a small gland that produces part of the seminal fluid.
Most of the PSA produced is excreted through the seminal fluid, and some other
amounts enter the bloodstream. PSA is present in the blood in two forms, free and
complex (bound with a protein) (Nordstrdm et al. 2018). Usually, all men have a
small amount of PSA in their blood. Elevated PSA levels may be a sign of a prostate
problem. In more than 80% of men with prostate cancer, PSA levels are higher than
4 ng mL™" (Raouafi et al. 2019). However, levels above 4 ng mL ™" are not always
associated with cancer. The PSA assay may be used as a promising tumor marker to
screen and monitor prostate cancer. The goal of screening is to diagnose prostate
cancer until the cancer cells are still in the prostate and have not spread (metastasis)
to other organs (Romesser et al. 2018; Spratt et al. 2018). High increases in PSA
levels in the blood are usually associated with prostate cancer but may also be
associated with prostatitis and benign prostatic hyperplasia (BPH) (Fadila et al.
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2020; Logozzi et al. 2019). It was also observed that, with age, PSA levels in all men
usually increase.

With age, the weight of the prostate increases, and this enhanced size mostly leads
to BPH or prostate cancer. As an outcome, the risk of prostate cancer increases with
age (Boeri et al. 2021; Butler et al. 2020). If prostate cancer is diagnosed in the early
stages (when still limited), generally it is not fatal, and with surgery or radiotherapy,
the patients will have about 95% survival rate. However, in the late stages, when
metastasis has occurred and other organs such as lymph nodes, bones, liver, and
lungs are also affected, the life span after hormone therapy is only about 2 years
(Hassanipour et al. 2020; de Crevoisier et al. 2018; Smith et al. 2018). Therefore, the
initial diagnosis of prostate cancer is essential. Today, electrochemical biosensors
have been used as valuable tools in the early detection of PSA (Sattarahmady et al.
2017; Negahdary et al. 2020; Rahi et al. 2016; Yazdani et al. 2019; Felix and Angnes
2018).

A very effective immunosensor was built on a fluorine-doped tin oxide (FTO)
electrode modified with Au nanorods (NRs)-reduced-graphene oxide (rGO) nano-
composite as the signal transducer and was used to determine many concentrations
of PSA (Chen et al. 2021c). First, Au NRs were synthesized. A solution of
1 mmol L™ HAuCl, was prepared and then reduced by 0.01 mol L' NaBH,. In
this way, the seed solution of Au was obtained. Then, 0.1 mol L™ cetyltrimethy-
lammonium bromide (CTAB) and 1 mmol L' HAuCl, were mixed and then heated
at 60 °C for 30 min; afterward, 2 M HCI and 10 mmol L! AgNO; were added to the
prepared mixture and stirred for 2 min. Finally, the prepared seed solution of Au was
added to the mixture, and after 300 min, Au NRs were achieved. In another
procedure, GO was produced based on the Hummers method by applying graphite
powder. Then, a defined concentration (2 mg mL™") of the produced rGO mixed
with 0.2 mg mL™" Au NRs and led to producing Au NRs-rGO nanocomposite. In
order to develop the immunosensing platform, an FTO electrode was considered as
the working electrode and modified with Au NRs-rGO nanocomposite (Fig. 38.3).
Afterward, FTO-Au NRs-rGO was modified with chitosan to enhance the
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Fig. 38.3 An immunosensor for detection of PSA by applying a modified FTO electrode with Au
NRs-rGO nanocomposite. (Reproduced with permission from Chen et al. (2021c))
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biocompatibility and stability of the used nanocomposite on the surface of the FTO
electrode. At the next step, a considered PSA antibody as the biorecognition element
was dropped on the surface of the working electrode, and then the unspecified
binding sites of the immobilized antibody were blocked by BSA. Finally, the
prepared immunosensor was applied to detect the various concentrations of PSA
(Fig. 38.3). The electrochemical assays were followed using the DPV technique and
via a three-electrode system where the modified FTO, platinum, and saturated
calomel electrodes were applied as the working, counter, and reference, respectively.
The principle of detection was based on the changes found between the electron
transfer rates. In the absence of PSA, the electron transfer rate was at the maximum
value, but in the presence of the analyte, the bound status between the antibody and
analyte led to blocking the electron transfer rate along with the increment of PSA
concentrations. So, the lowest DPV peak current was found at the highest concen-
tration of the analyte. This signal-off immunosensor detected PSA in a range from
0.1 to 150 ng mL™", and the reported LOD was equal to 0.016 ng mL ™"

In Table 38.1, comprehensive details for nanoimmunosensors designed to diag-
nose various diseases have been provided.

3 Applications of the Electrochemical Nano and Peptide-
Based Biosensors in the Early Diagnosis of Diseases

A peptide-based biosensor was developed for early detection of Tnl by applying a
mercury film-modified screen-printed electrode as the transducer (Xie et al. 2021).
For this electrochemical biosensor, the peptide-oligonucleotide conjugate (POC)-
templated quantum dots (QDs) (POC@QDs) were first synthesized. In order to
synthesize this nanocomposite, the sodium hydrogen telluride (NaHTe) solution
was prepared. Afterward, another solution containing 100 pmol L~!' POC,
1.25 mmol L™ CdCl,, and 1.05 mmol L™ glutathione was prepared and mixed
with the NaHTe solution. The pH of the obtained mixture was adjusted to 9, and then
the temperature was increased to 100 °C for 5 min and then cooled slowly. Finally,
the precipitation occurred after centrifuging, and the phosphate buffer solution (PBS)
was applied to provide a resuspended POC@QDs nanocomposite when needed. In
order to setup this biosensor, 4 mg mL ™' magnetic beads were functionalized with
streptavidin and were mixed with a PBS solution containing 2 pmol L™ of a peptide
sequence (FYSHSFHENWPS) as the biorecognition element and incubated at room
temperature for 120 min. Then, the purification of peptide-functionalized magnetic
beads (Pep@MBs) nanocomposite was followed and then resuspended in the PBS
solution. At the next step, a mixture containing a defined concentration of Tnl
(analyte), POC@QDs, and Pep@MBs was prepared and incubated at 37 °C for
45 min to produce the biosensing structure as a sandwich form (QDs@cTnl@MBs).
Before the electrochemical measurements, MBs molecules were removed, and the
remaining solution was mixed with 0.5 M nitric acid to release Cd** and subse-
quently mixed with 0.2 M HAc-NaAc buffer (pH 5.2). In order to present the
biosensing principle of this electrochemical peptide-based biosensor, it should be
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noted that POC and analyte contained trypsin substrate in their sequences and in the
sandwich structure of QDs@cTnl@MBs when trypsin was applied, QDs molecules
were released through a proteolysis process. The release of QDs led to producing
more Cd*" molecules and enhancement of the output electrochemical DPVs. The
releasing amount of QDs from the sandwich structure had a direct relationship with
the concentration of Tnl. This signal-on peptide-based biosensor detected Tnl in a
linear range from 0.001 to 100 ng mL ™' while the reported LOD was about
0.42 pgmL™".

In another research, a PSA biosensor was developed based on an antibody-
peptide sandwich platform by applying a modified GCE with Au@PDA@BCN
nanocomposite as the signal transducer (Zheng et al. 2021). Initially, boron-doped
carbon nitride (BCN) nanosheets were synthesized by the one-step calcination
procedure. Here, 5 g 4-pyridylboronic acid was transferred to a corundum boat
and heated at 800 °C for 180 min. Afterward, a core-shell substrate (polydopamine
(PDA)@BCN) was produced by mixing BCN and dopamine in a 100 mmol L™
Tris-HCI buffer. This mixture was then sonicated (30 min), stirred, and centrifuged
to produce PDA@BCN nanocomposite. At the next step, to produce
Au@PDA@BCN nanocomposite, Au NPs were synthesized from HAuCly by
applying the sodium citrate reduction procedure. Then, a defined concentration of
PDA@BCN and Au NPs were mixed and stirred at 4 °C for 4 h and subsequently
centrifuged and washed with deionized water. Finally, the required amount of the
synthesized Au@PDA@BCN nanocomposite was dispersed in the deionized water
and kept in the refrigerator for future use.

In other synthesizing procedures, covalent organic framework (COF),
MnO,@COF, and AuPt@MnO,@COF were synthesized. The solvothermal method
was applied for synthesizing the COF by mixing 1,2,4,5-Tetrakis-(4-formylphenyl)
benzene (TFPB) and 1,4-diaminobenzene (PPDA). This mixture was ultrasonicated,
and then 6 M acetic acid was added and filled in an oil bath to follow the required
reactions at 120 °C for 3 days. The product was washed with tetrahydrofuran and
acetone, and the COF was achieved. At the next step, to synthesize MnO,@COF,
required amounts of solid COF and HCIO4 were added in the deionized water and
sonicated for 10 min. Afterward, the temperature of the mixture was adjusted at
30 °C, and then a defined amount of KMnO,4 was added. This mixture was then
stirred, sonicated, and centrifuged, respectively. The final product was washed with
deionized water, and the MnO,@COF as a powder was obtained using freeze-
drying.

AuPt@MnO,@COF nanocomposite was produced by the NaBH, reduction
method. In this synthesizing method, MnO,@COF was mixed with ethanol and
then sonicated. At the next step, HAuCly and H,PtCls were added to the above
mixture and sonicated for 60 min. Finally, the NaBH, was added to the mixture and
then was sonicated and centrifuged. The AuPt@MnO,@COF was attained and,
based on the required concentration, was resuspended in PBS solution. Subse-
quently, a bioconjugated structure (peptide/methylene blue/AuPt@MnO,@COF)
was produced. First, 2.5 mg mL™' MB and 2 mg mL™' AuPt@MnO,@COF
nanocomposite solutions were prepared, then mixed, and kept under stirring for
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12 h. Afterward, the mixture was centrifuged and then washed with deionized water
to remove extra methylene blue. At this moment, methylene blue/
AuPt@MnO,@COF nanocomposite was obtained and dispersed into the PBS
solution. Finally, 1 mg mL ™' PSA peptide (CGGGGMERCPIKMFYNLGSPYMNI)
was added to the final mixture and stirred at 4 °C for 12 h. The centrifuge and
washing with PBS solution provide the peptide/methylene blue/AuPt@
MnO,@COF bioconjugated structure.

In order to set up the biosensing platform, a GCE was applied as the working
electrode and then modified with Au@PDA@BCN nanocomposite. Afterward, the
PSA antibody as one part of the biorecognition element was added on the surface of
the GCE-Au@PDA@BCN nanocomposite, and then the unwanted and unspecified
antibody binding sites were blocked by BSA. Subsequently, the considered concen-
trations of analyte were prepared and dropped on the surface of the signal transducer.
Finally, the prepared bioconjugated structure (peptide/methylene blue/
AuPt@MnO,@COF) was added. So, the analyte was located in a sandwich structure
between the antibody and peptide (antibody-analyte-peptide). The electrochemical
assays were followed by the DPV technique while the applied methylene blue
molecules in the bioconjugated structure contributed as the redox marker. The
electrochemical behavior of this biosensor confirmed that after modification of the
surface of GCE with Au@PDA@BCN nanocomposite due to the increased active
surface area, the DPV peak current was increased. After immobilization of the PSA
antibody and PSA, the DPVs peak currents were reduced regularly based on the
blocking of the electron transfer rate. However, after immobilization of the
bioconjugated structure on the surface of the signal transducer, the DPV peak current
increased again due to the high conductivity of AuPt NPs. This antibody-peptide
sandwich-based PSA signal-on biosensor could detect this cancer biomarker in a
linear range from 0.00005 to 10 ng mL™', and the found LOD was about
16.7 fg mL ",

In another research, a CEA biosensor was developed by applying a modified ITO
electrode with polyaniline (PANI) and Au NPs (Hao et al. 2020). First, CdS QDs
nanostructure was synthesized. 20 mmol L™' CdCl, and 20 mmol L™' MPA were
mixed, and the pH of the solution was adjusted to 11 using 1 mol L™' NaOH.
Afterward, 20 mmol L~! thioacetamide was added, and the mixture was stirred for
30 min at room temperature; in sequence, the temperature was enhanced to 80 °C
and kept for 10 h. Finally, the purification of CdS QDs nanostructure was followed
by applying deionized water for 12 h at room temperature. In another procedure,
Au-luminol-DNA2 Probe was produced. Initially, Au-luminol solution was prepared
and then mixed with a thiol-functionalized aptamer sequence (DNA 2: 5'-
Cy5-TATCCAGCTTATTCAATTTTTTTT—(CH,)s-SH-3'). After 12 h, Au-S cova-
lent bond was established between the Au and thiol molecules, and a conjugated
structure of Au-luminol-DNA?2 Probe was achieved. In order to design the electro-
chemical biosensing platform, an ITO electrode was used as the signal transducer
and modified with PANI via an electropolymerization procedure(—0.2 V to +0.8 V at
100 mV s™'). At the next step, the ITO-PANI was modified with Au NP colloid
(Fig. 38.4). Subsequently, a peptide sequence (DKDKDKDPPPPC) was
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Fig. 38.4 An ECL peptide-aptamer biosensor for detection of CEA by applying the modified ITO
electrode with PANI and Au NPs. (Reproduced with permission from Hao et al. (2020))

immobilized on the surface of ITO-PANI-Au NPs. The interaction between the
peptide sequence and ITO-PANI-Au NPs occurred through the Au-S covalent
bond. At the next step, the carboxyl group of the prepared CdS QDs nanostructure
was activated by EDC/NHS, and then this nanostructure was coated on the surface of
ITO-PANI-Au NPs-peptide (Fig. 38.4). At this point, an amine-functionalized
aptamer sequence (DNA1: 5'-AATTGAATAAGCACCCCCTTTTTT-(CH,)s-NH,-
3’) was immobilized on the surface of ITO-PANI-Au NPs-peptide-CdS QDs nano-
structure and could create the amide bond with CdS QDs nanostructure molecules.
As the final step, enough amount of the prepared Au-luminol-DNA2 Probe was
dropped on the surface of the signal transducer, and hybridization could be
established between DNA1 and DNA2 strands. The prepared biosensor was applied
for the determination of the various concentrations of CEA. In the designed biosen-
sor, the CdS QDs nanostructure was applied as the cathode ECL emitter, and the
Au-luminol-DNA2 Probe (containing Cy5 as the fluorophore agent) was as the
anode ECL emitter. In the absence of the analyte, the negative potential related to
the ECL signal of CdS QDs nanostructure was quenched, and the positive potential
related to the ECL signal of the Au-luminol-DNA2 probe remained. However, in the
presence of the analyte, the affinity between the DNA1 and CEA was intense to
break the hybridization between DNA1 and DNA2. This event led to the decrement
in the positive potential of the Au-luminol-DNA2 probe and an enhancement in
negative potential related to the ECL signal of CdS QDs nanostructure. The ratio
between ECL output responses provided a quantitative method for the detection of
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this cancer biomarker. This biosensor could detect CEA in a linear range up to
100 ng mL ™" and with an LOD of about 0.13 pg mL ™"

In Table 38.2, comprehensive details for nano and peptide-based biosensors
designed to diagnose various diseases have been provided.

4 Applications of the Electrochemical Nanoaptasensors
in the Early Diagnosis of Diseases

An aptasensor based on electrochemiluminescence (ECL) was developed to deter-
mine various concentrations of Tnl by using a modified GCE with CdS QDs (Kitte
et al. 2021). In this research, two nanostructures were applied. First, CdS QDs
(medium size: 5 nm) were synthesized from a mixture of 0.017 mol L™' Cd
(NO3),-4H,0 and 0.082 mol L' Na,S-9H,0. In the second procedure, Au nano-
particles (Au NPs) (medium size: 5 nm) were synthesized by mixing 0.1 mol L™
NaBH, and 0.25 mmol L™' HAuCly in a solution containing HCI/HNO; (3:1). A
conjugated structure was obtained at the next step by mixing a defined concentration
of (5'-CGCATGCCAAACGTTGCCTCATAGTTCCCTCCCCGTGTCC-3')-a thiol-
functionalized aptamer-and Au NPs. In order to design this aptasensing platform, a
GCE was chosen as the signal transducer, and its surface was modified with CdS
QDs nanostructure. Subsequently, to establish the carboxyl groups on the surface of
this signal transducer, a solution containing 3-mercaptopropionic acid (MPA),
0.1 mol L™! NaCl, and 0.1 mol L™' PBS (pH 7.4) was used. Then, the obtained
carboxyl groups were activated by immersing the electrode in 25 mmol L™ 1-ethyl-
3-(3-dimethylaminopropyl)-carbodiimide ~ hydrochloride/N-hydroxy-succinimide
(EDC/NHS) (1:1) solution. Afterward, (5-CGTGCAGTACGCCAACCTTTCT
CATGCGCTGCCCCTCTTA-3’) an amine-functionalized aptamer was immobilized
on the surface of the prepared GCE, and nonspecific binding sites were blocked by
mercaptohexanol (MCH). Then Tnl as the analyte was added on the surface of the
signal-transducer. Finally, the conjugated aptamer-Au NPs were added, and conse-
quently, a sandwich structure was established (Au NPs-aptamer/Tnl/aptamer/CdS
QDs nanostructure/GCE). The electrochemical measurements were followed in a
solution containing [Fe(CN)s]>*~ as the redox signal marker and in a three-
electrode system, whereas the modified GCE, platinum, and Ag/AgCl electrodes
were applied as the working, counter, and reference, respectively. The ECL assays
were performed in the presence of 0.05 M S,05” " as the coreactant agent. The
presence of Tnl as the analyte was led to develop the sandwich structure based on the
found affinity between aptamers strands and analyte molecules, while the used
nanostructures created an optimum electron transfer rate. This event provided ECL
signals at the maximum value, and this event had a direct relation along with
enhancement of the concentrations of the analyte. According to the authors, the
linear detection range for this Tnl aptasensor was situated between 1 fg mL™' to
10 ng mL~", and the obtained LOD was 0.75 fg mL™".



M. Negahdary and L. Angnes

844

(1202) T saponed ansodwoooueu YNED OOYOIY
e nry | i saponred 6¢ |01 X [0 X [ T0d |y [2(ND)2d] |-S@sIN nv/sIN nY forqL DIVOVITIANA DD | Sewosoxs Jowmny,
(1200 (T-dINND) T
JERS) (T 8u g ([8la0) TIASMMISYDOOL aseutajordofjeiow
Suwoy)y | _Tw3d 1o — T 8d g0 AMS |y, [P(ND)ad] SIN 8V | [un[ghiqmon) /ODDNDYADTIDIL 40 XLR
ansodwoooueu
(1200 A0DDOUNDINY
N RE] 1T Sug Jansodwosoueu INIWAJSDIN
Suayz w8y L91 —50000°0 Add | _,_[°(ND)d] |  NOg®DVaAd®nY | AJADIIdOYINDDODD 40D vSd
(#Dd)
(1200 aponoafd
Te 1@ T 10w ayderd
ejog (TIowg g | u - _Touy Qf SH | _,_[°(ND)d] 0o o dd [1oudg TET-VNYIW
(1200
Te 1 g Su
oeyz |- Tw 85 €0°0 —_TWw 3y 10 A |y, [P(ND)2d] INVd “HN SANEATNIddddD H0D ddv
(1200
N RE]
LEETN = TW 0D 005 AdITAD
-orodoy ~Twndd T ordn S|y [P(ND)2d] SIN Y oL SAIVNOTIAINANO d0dS | LHLSTO 402 °q
(syvordoay "Dy
pue ‘suvoigip )
(1200) (d1D AAHSIOH ‘DIAgDl3 D)
T8 1 sonpisa1 proe | AANDAHHIOTAOIA ‘asnay D)
omaqry | _TW NAD €7, TW NdD 401,01 SId _[*(ND)ad] SAN SOl | outwe rejoduonN 'V UIUBAR[D qD | siseak epipue)
(1200 D pue v ad4jo10s
N LRE] 9pondI[d urxojoInau
1jarere) (~Trowd o |, (owu [ 03 dn AMS |y, [P(ND)ad] SAN NV oL | WILYIONVHARIATO | Ppaseq-1odeq wnuog
REN| do1 93ue1 uonoole( | onbruyod) IOIBW XOPY (s)[eLIa1BWOUBN douanbas apndog Joonpsuel], Aheuy
uonoded apndad oy
M pajorIuL
dnoi3 euonounyg
SISBASIp

Jo sisouSerp 10y siosussolq paseq-opnded pue oueu [eorwayo010de padojaadp jusedar ur syusuodwos pardde jnoqe s[rejep pue somjesy oyJ, '8E dqel



845

pawodar jou O YL,
pauodar Jou J9yIRW XOPaI AL,
panodai jou souanbas spndad ayr yum pajorraur dnoid feuonouny YL,

iagnosis

38 Nanobiosensors: Designing Approach and Di

(0202)
AR
oe | ,_qw3d¢ro,_Twdugorordn T0d | - [P(ND)d] | SAN nv/sd0 SPO forqL 2dddd@IaIaIa OlI VaD
(oouwr) dnoi3 (794dH) g 1oydadax
(®1202) (T S | e [°(ND) ammonys | [AuoqiesAxoyjour 10)08} IMO0I3
‘[e 10 oel, - Tw 3d ¢ - Tw Su i Add 94]/o0wq [sI0miau SnoIqyOURN auLon|j E) RS ADD | [eudpido uewny
9poIIJ[d SnLIyLe
(22020) scc—zpe( EHILD) € | OreUOgIedk]od projewnays
Te 10 ury o | T oW (=67 SH | - [P(ND)2d] SIN NV forq, -royquyur ursdAn-eydpe-1ouy |pajurid-usaiog Jo Apoquuy
VAMDIMH
(a1200) ANENE
Te 10 (T s o NAddddO/aNaNd O3 O
uay) ~Twsdge | — _qusdool AdA |y, [P(ND)2d] SIN 0V oL | (VAMDIMH)NHddddD dDD | uwngojSounuuuy
(1200
TR
Sueny | | _qusugzee | w510 SH | - [P(ND)2d] SIN 0V o NITMIIMSDSOSOD a0 qerxmry
(1202) ansodwosoueu
'R [eIPAYEIO0
oBIY | | _TW () $€000°0 ;—TW 1 001-100°0 Odd | _,—[*(ND)2d] | SPD-“01Z/sdN NV [ory.L DDDDDISVIAT OLL | V oseuny ulojoig
(1200
JLEY |—Tw 8u o1 SAN
Suog |~ Tw 5§ 9p°¢ — - Tw 8§ 01 109 _Y0S/_0%S | “0°0®IV/sIN NV o DAMDIMH 09 ursdAiy
9po1IJ[d
(e1202) pajuLId-uda1os
R MSdMNAHASHSAAVOOD paytpout
uey | T 3d gy, Tw Su 001-100°0 Add 4 | SPeaq onouseuysqd unorg /SAMNHIHASHSAA | Wiy Amonn uL
(0w
(1202) OddddaTITNE urydonopeuos
[eRny | W AW 61 QL TW NIW 000150 Odd | _y—[*(ND)2d] SAN Y CHN LALTIHINIA 1dd OLI | dtuouoyo uewny
(01207) (ooury) (oowg)
e R 1Auoqreskxoyjow [AuoqresLxoyjour
Suep, —Trowu 1z | 7 owr o1-[°0 Add auuon|y SAN Y auaion|{ EPEE 409 sutwedoq




846 M. Negahdary and L. Angnes

In another investigation, a photoelectrochemical (PEC) aptasensor was developed
for early detection of PSA by applying ZnO NA-CdS nanocomposite and iodide-
doped bismuth oxychloride flower-array (Iy,:BiOCly g) as the photocathode agent
(Feng et al. 2021). The zinc oxide nanorod array (ZnO NA) was initially synthesized
by preparing a mixture containing 0.02 mol L™" Zn(NOs),-6H,0, 0.03 mol L™
NaOH, and methanol. This mixture was heated several times at 60 °C to dry on the
reference/counter microelectrodes. Afterward, to do the calcination process, the
temperature of the mixture was reached to 350 °C and kept for 30 min. Then, the
obtained ZnO seed was mixed with a solution containing 0.05 mol L™' Zn
(NO3),-6H,0 and 0.05 mol L™ hexamethylenetetramine, and the obtained mixture
was kept at 90 °C for 6 h. Finally, the CdS QDs were added (drop by drop),
producing ZnO NA-CdS nanocomposite. This nanocomposite was used as the
photoanode. The indium tin oxide (ITO) equipped with poly (dimethylsiloxane)
(PDMS) microelectrode channels was applied as the working electrode, and then
Ip»:BiOClI, g as a photocathode was synthesized on its surface with the following
procedure. A mixture of NaCI and KI was prepared and dissolved in the deionized
water (solution 1), and Bi(NO3);-5H,O was dissolved in glycol (solution 2). After-
ward, solution 1 and solution 2 were added on the surface of the working electrode in
sequence. Then, the chitosan solution containing acetic acid and glutaraldehyde was
added on the surface of the modified working electrode with I ,:BiOCI, g to provide
the immobilization capability of the biorecognition element. At the next step, an
amine-functionalized aptamer sequence (5'-NH,-Cs-AATTAAAGCTCGCCAT-
CAAATAGC-3") as the biorecognition element was added on the surface of the
signal transducer, and the BSA solution was also applied to prevent unwanted
immobilization of the aptamer strands. Finally, the prepared aptasensor was used
for the detection of various concentrations of PSA based on the variations of the
cathodic photocurrents in the presence of luminol as the chemiluminescence agent.
This aptasensor reported a linear detection range for PSA from 50 fg mL™' to
50 ng mL ™", and the reported LOD was about 25.8 fg mL™".

In another research, a CEA aptasensor was developed by modifying a GCE with
polydopamine (PDA)@graphene (Gr) (Zhang et al. 2021a). Initially, PDA@Gr
nanocomposite was synthesized; GO was first synthesized from graphite powder
based on the Hummers” method. Then, 100 pL ammonia was mixed with 1 mg mL ™"
GO and stirred. Afterward, 1 mg mL~"' dopamine, hydrazine hydrate, and deionized
water were also added to the GO mixture. The obtained mixture was finally stirred at
room temperature for 20 min and subsequently was kept at 60 °C for 4 h to achieve
the final PDA@Gr nanocomposite. In another procedure, PDA@Gr-Pd-Pt nano-
dendrites (NDs) nanostructure was synthesized; first, the concentration of
0.50 mg mL~' PDA@Gr nanocomposite was prepared and then mixed with a
defined amount of PDDA and 10 mg mL ™! K,PdCl,. Afterward, 20 mmol L'
NaBH, was added to the above mixture and stirred while it was kept at 25 °C for
30 min. At this step, PDA@Gr-PdNPs nanostructure was attained. Finally, to
synthesize PDA@Gr-Pd-PtNDs nanostructure, a considered amount of PDDA and
ascorbic acid was added to PDA@Gr-PdNPs nanostructure and then stirred. The
temperature was raised and fixed when attained at 90 °C. At this moment, H,PtClg
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was added to the final mixture, and after 180 min, PDA@Gr-Pd-PtNDs, the desired
nanostructure, was obtained. In another procedure, an amine-functionalized aptamer
sequence (aptamer 2: 5'-AGGGGGTGAAGGGATACCC-3') was applied and mixed
with PDA@Gr-Pd-PtNDs nanostructure, and the conjugation (covalent binding:
Pd-NH and Pt-NH) process was followed by stirring for 180 min. Finally,
0.50 mg mL~" hemin was added to the final mixture, and the product was stirred
for 60 min at 4 °C; in sequence, the aptamer 2-hemin-PDA@Gr/Pd-PtNDs structure
was obtained. In order to provide the aptasensing structure, a GCE was elected as the
working electrode and modified with PDA@Gr nanocomposite. Afterward, an
aptamer sequence (aptamer 1: 5-ATACCAGCTTATTCAATT-3’) as a part of the
biorecognition element was immobilized on the surface of GCE-PDA@Gr. Subse-
quently, the analyte was dropped on the surface of GCE-PDA@Gr-aptamer 1 and
could be bound with the aptamer 1 from one side. In addition, the conjugated
aptamer 2 with PDA@Gr/Pd-PtNDs nanostructure was immobilized on the surface
of the electrode and created a sandwich platform where the analyte was located
between two aptamer sequences (GCE-PDA@Gr-aptamer 1-CEA-aptamer
2-PDA@Gr/Pd-PtNDs). The electrochemical assays were followed by DPV tech-
niques and in the presence of hydroquinone (HQ) as the redox marker and in a three-
electrode system (GCE: working; platinum: counter; saturated calomel electrode:
reference). During the electrochemical assays, the maximum electron transfer rate
was found in the absence of the analyte. In the presence of the analyte, due to the
existing affinity between the aptamer strands (aptamer 1 and aptamer 2) and the
analyte (CEA), the creation sandwich structure (aptamer 1-CEA-aptamer 2) reduced
the electron transfer rate proportionally. The reduction of DPVs peak currents
depended on concentrations of CEA. The higher concentration of the analyte created
the bigger accumulation of bound aptamers-analyte units resulting in greater
obstruction for electron transfer. This signal-off aptasensor detected the CEA in a
linear range from 50 pg mL ™' to 1 pg mL™", and the reported LOD was about
6.3 pg mL ™. In Table 38.3, details for electrochemical nanoaptasensors designed to
diagnose various diseases have been provided.

5 A Summary and a Viewpoint About Electrochemical
Nanobiosensors: Construction and Diagnosis of Diseases

In previous sections, the different kinds of electrochemical nanobiosensors applied
for different diseases were examined. Details of these sensors are presented in
Tables 38.1, 38.2, and 38.3 including information about the nanomaterials used.
The biorecognition elements used in the structure of biosensors: antibodies,
aptamers, and peptides, were considered to build Tables 38.1, 38.2, and 38.3. The
performance of this kind of electrode is determined by the influence of various
factors such as the type of nanostructure used to modify the electrode surface, the
technique used in electrochemical assays, the type of redox marker, and the type of
analyte. Indeed, when calibrating the biosensor platform, the optimal signal trans-
ducer should be selected. Different signal transducers such as GCE, gold electrode
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(GE), ITO, screen-printed electrodes, and so on were applied in the sensors gathered
in Tables 38.1, 38.2, and 38.3. Each of these biomolecules has advantages and
disadvantages, the priorities of which have varied according to the goals of the
researchers. One of the essential points that should be considered in using the
biorecognition elements is considering the functional groups used in interaction
with these biomolecules. These functional groups are used to adapt successful
interactions with the target surfaces. The stability and compatibility of these func-
tional groups with the biorecognition elements play an important role in the sensi-
tivity, stability, reproducibility, and regeneration of biosensors. The most important
functional groups used in the biorecognition elements structure were thiol and
amine. Usually, the thiol group is important to establish successful interactions
with gold. The amine functional group is more suitable for interaction with
carbon-based surfaces. The biorecognition elements are immobilized on surfaces
in two general ways. In the first case, these biomolecules are fixed directly on the
surface of the signal transducer (bare or modified surface with nanostructures). In the
second case, several types of biorecognition elements are used in the structure of
biosensors. In this case, the simultaneous use of antibody-aptamer, antibody-peptide,
aptamer-peptide, antibody-antibody, peptide-peptide, and aptamer-aptamer can be
mentioned. In some cases, one of the mentioned units, including antibodies,
aptamers, or peptides, is not immobilized on the surface of the signal transducer
directly and interacts with the other components of the biorecognition element. The
analytes considered in the investigated electrochemical nanobiosensors in most
cases include markers of diseases with high importance in the early diagnosis such
as cancers, MI, etc., which early diagnosis can prevent severe mortality and also
pave the way for successful and low-cost treatments. Various diagnostic techniques
were used in the studied electrochemical nanobiosensors, the most important of
which include DPV, EIS, SWV, ECL, and PEC. Other important information of the
studied biosensors such as detection range, LOD, and redox markers used has also
been included in Tables 38.1, 38.2, and 38.3.

6 Final Remarks

Nanobiosensors have opened new roads for optimal disease diagnosis. In this
chapter, we evaluated the application of electrochemical nanobiosensors in the
diagnosis of several critical diseases. The purpose of using nanomaterials in the
structure of biosensors is to provide more reliable diagnoses. In fact, the nano-
materials used have improved the reactivity and sensitivity of biosensors due to
their increased surface-to-volume ratio. In addition, the nanostructures used as the
biosensor components have created more stable bonds between the various biosen-
sor components due to their specific morphologies. Nanomaterials used in the
structure of electrochemical biosensors have been used both individually and in
combination as nanocomposite structures.
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