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Foreword

Welcome to “Electrochemical Biosensors for Whole Blood Analysis,” a comprehen-
sive exploration of the fascinating field that lies at the intersection of electrochemistry,
biology, and healthcare. This book examines the role of electrochemical biosensors in
revolutionizing whole-blood analysis for diagnostic purposes. Biosensors have revo-
Iutionized diagnostics by seamlessly integrating sensing technologies with biological
systems. Electrochemical biosensors, in particular, offer high sensitivity, specificity,
and portability, enabling real-time monitoring of analytes in whole blood. Machine
learning techniques can process electrical signal data with interference and overlap,
thus making electrochemical biosensors intelligent.

This book introduces the principles of electrochemistry and the complexities of
whole blood as an analyte matrix. It explores various transduction mechanisms, such
as potentiometric and amperometric techniques, impedance spectroscopy, and field-
effect devices, used in electrochemical biosensors. The book focuses on biological
recognition elements, including enzymes, antibodies, nucleic acids, and aptamers,
which are crucial for biosensor design. Immobilization strategies, stability enhance-
ment techniques, and the impact of biofouling phenomena are discussed. Specific
applications of electrochemical biosensors in whole blood analysis are examined,
including the detection and quantification of biomarkers associated with infectious
diseases, cardiovascular disorders, cancer, and metabolic disorders. Emerging trends
like point-of-care diagnostics and wearable biosensors are also discussed. Expert
contributions provide insights into current challenges, future directions, and the
potential of electrochemical biosensors in personalized medicine and healthcare
delivery.

“Electrochemical Biosensors for Whole Blood Analysis” serves as an essen-
tial academic reference for researchers, scientists, clinicians, and students. It aims
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to unlock the possibilities of electrochemical biosensors and drive innovation in
healthcare for improved outcomes.

Chunhai Fan
Shanghai Jiao Tong University
Shanghai, China
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Chapter 1 ®)
Introduction Check for

Le Jing, Qiangian Li, Shaoguang Li, Hui Li, and Fan Xia

Abstract Whole blood, as one of the most significant biological fluids, maintains
the normal functioning of various organs and tissues in the human body. The physic-
ochemical changes of different components in whole blood provide critical informa-
tion for health management, disease detection, drug analysis, and public safety super-
vision. With the mutual penetration and innovation of multiple disciplines, various
advanced technologies for whole-blood testing have been developed vigorously.
Among them, electrochemical biosensors, known to be rapid, sensitive, capable
of miniaturization, intelligence, reagentless, and washing-free, become a class of
emerging technology to achieve the direct detection of multiple targets in complex
biological media or even in vivo. In this chapter, we will briefly discuss the broad
application prospects of electrochemical biosensors in detecting endogenous and
exogenous targets in whole blood, and classify the target objects based on structural
and functional properties. A detailed discussion of different analytes can be found
in subsequent chapters.

Keywords Biosensors + Electrochemical detection + Whole blood - Disease
diagnosis - Virus detection * Drug testing

1.1 Blood Analysis as a Powerful Database

Whole blood, as one of the most significant biological fluids, is mainly composed of
plasma (mainly water and plasma proteins) and three types of blood cells (i.e., red
blood cells, leucocytes, and platelets) [1], and has the functions of transportation,
buffering and maintaining homeostasis [2, 3]. Generally, physiological or patholog-
ical changes in the body can alter the biochemical properties of endogenous compo-
nents in the blood system, so whole-blood analysis can be regarded as a powerful
database to provide critical information for health management and disease detection
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(Fig. 1.1, bottom left) [4, 5]. Medical studies have shown that specific biomolecules
(i.e., biomarkers) released from body fluids are often closely related to the occurrence
and progression of a certain disease [6—8], with which one can distinguish between
individual health and pathological states. For example, patients with sickle-cell
anemia are diagnosed by abnormal sickle shape of red blood cells [9]. Breast cancer
patients can use immunohistochemical surrogate panels of progesterone receptor
(PR), estrogen receptor (ER), human epidermal growth factor receptor 2 (HER2),
and Ki-67 proliferation index (Ki67) for biological subtyping and personalized treat-
ment [10, 11]. Up to now, the initial diagnosis of most diseases in clinical practice
relies on blood testing items to provide judgment basis, including blood sugar [12],
lipids [13], routine [14], and organ functional biochemical tests [15] (Table 1.1).

Beyond the endogenous substances secreted by the body itself, there may be
exogenous substances (e.g., drugs [16], narcotics [17], and viruses [18]) entering
the blood system through oral, inhalation, and injection (Fig. 1.1, bottom right).
The presence or dosage of such substances has a dual impact on the physiological
function of the body. For instance, doxorubicin (DOX), as a class of broad-spectrum
anti-tumor drugs, has a killing effect on tumor cells of various growth cycles [19].
However, DOX is also highly cytotoxic and may cause side effects of myocardial
damage once the dosage of a patient exceeds the scope of clinical administration
[26]. Owing to the fact that exogenous substances are eventually excreted from the
body or released into body fluids through various metabolic pathways, whole blood
analysis can be applied as an effective research tool to promote the development of
drug analysis [20], virus detection [21], and public safety supervision [22].

Despite the availability of blood analysis providing important information basis
for multiple application fields, the common detection technologies used by hospitals
and third-party testing institutions for two source components in whole blood include
chemiluminescence [23], enzyme-linked immunosorbent assay (ELISA) [24], real-
time fluorescence quantitative polymerase chain reaction (RT-qPCR) [25], and gene
sequencing [26]. Despite the undoubted merits, the major drawbacks of these analyt-
ical techniques are that they are time-consuming, expensive cost, requiring large-
scale testing equipment and professional operators, making them unsuitable for
point-of-care (POC) diagnosis. Moreover, due to the extremely low concentration
of analytes in the whole blood and the matrix interference effect of non-target
substances, the specificity and sensitivity of various detection techniques are greatly
reduced [27]. When being placed and interrogated in whole blood for continuous,
real-time monitoring, sensing devices are facing a time-dependence, high-frequency
challenge of testing. In other words, the hematology analyzer must exhibit a consis-
tent performance in their high sensitivity and specificity over the period of testing
time.

Over the past half-century, with the mutual penetration and innovation of disci-
plines such as molecular biology, analytical chemistry, nanomaterials, and informa-
tion computing, various advanced technologies for whole blood testing have been
developed vigorously [4, 28]. Among them, electrochemical biosensors, known to
be rapid, sensitive, capable of miniaturization, intelligence, reagentless and washing
free, become a class of emerging technology to achieve the direct detection of multiple
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Fig. 1.1 Numerous analytes in whole blood can be used as biomarkers in disease diagnosis, virus
detection, drug analysis, and other fields. In this chapter, we classify common blood analytes into
exogenous and endogenous based on their source

targets in complex biological media or even in vivo [29-31], e.g., the commercial
glucose meter has been successfully upgraded to realize the integrated diagnosis
and treatment mode of continuous monitoring-intelligent drug delivery [12]. Given
the application prospects of electrochemical biosensors, the boosted research works
in recent years have focused on improving the detection performance of sensing
platforms in complex whole-blood systems (e.g., specificity, sensitivity, and anti-
fouling), including the use of hierarchically structural electrode [32], nanomaterial
modification [33], framework nucleic acid design [34], enzyme amplification [35]
and mathematical algorithm for data analysis [36], etc. (Fig. 1.2).



Table 1.1 Several common clinical blood testing items

L. Jing et al.

Test items

Clinical cutoff values

Clinical detection methods

Blood groups

ABO blood group: A, B, AB, and O

types
RH blood group: RH (+) and RH (-)

types

Gel microcolumn method

Routine blood

Leukocyte count: (3.5 ~9.5) x 10°
cells/L

Red blood cell count: (3.5 ~ 5.0) x
10'2 cells/L

Platelet count: (100 ~ 350) x 10°
particles/L

Hemoglobin: 110 ~ 150 g/L

Photoelectric colorimetry

Blood sugar 3.9 ~ 6.1 mmol/L Glucose oxidase colorimetry/
Electrochemical method
Blood lipids Total cholesterol: <5.7 mmol/L Enzymatic method (COD PAP

Triglyceride: <1.7 mmol/L

assay)

Renal function

Urea: 2.78 ~ 7.14 mmol/L
Creatinine: 59 ~ 104 pmol/L
Uric acid: 210 ~ 416 pmol/L

Colorimetry/Enzymatic method

Liver function

Transaminase (Glutamic-pyruvic,
Glutamic oxaloacetic): 5 ~ 40 U/L

Chemiluminescence method

y-glutamyl transpeptidase: 8 ~ 50 U/L

Enzymatic kinetic method

Total Bilirubin: 5.1 ~ 22.2 pwmol/L

Diazonium method

Albumin: 35 ~ 55 g/L

Biuret reactive/Bromocresol
green method

Cardiac function

Creatine kinase: 18 ~ 198 U/L
Creatine kinase isoenzyme: <5 ng/mL
Lactate dehydrogenase: 109 ~ 245 U/
L

Troponin-I: <0.2 pg/L

Myoglobin: 10 ~ 80 pg/L

Chemiluminescence method

B-type natriuretic peptide: <100 ng/L

ELISA method

* This table only lists the main important indicators of each test item. All clinical cutoff values are
referenced from Peking Union Medical College Hospital

In order to facilitate readers to more intuitively understand the application distribu-
tion of various blood components for electrochemical detection over the past decade,
based on the molecular structure characteristics, we classified the specific analytes
for whole blood analysis into four subtypes, including small molecules, nucleic
acids, proteins, and cells, with the exogenous analytes being excluded from the
cells category. As shown in Fig. 1.3, for each target type, we have summarized the
well-known specific analytes with their respective detection ranges and publication



1 Introduction 5

200

Year 2008-2012 ]
180 197 (14.85%) -
160
140 1l -

Year 2013-2022 i
120 .~ 1130(85.15%)
100
80
IEII 35] [36} :I [45 69| [64| |72 [770 4| n41 134 123 Qed 190

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
year

Publication

60
40

(=)

Fig. 1.2 Recent advances in electrochemical biosensing technologies demonstrate constantly
increased research interests, as indicated by the annual publication number since 2008. The results
are derived from Web of Science using the searching terms “blood” and “electrochemical biosen-
sors.” The boosted papers are seen for this field from the year 2013-2022, accounting for 85.15%
of the total number of publications in the past 15 years

numbers achieved by electrochemical sensors, providing an overview and guidelines
for the following chapters.

1.2 Electrochemical Biosensors for Endogenous Substances
Detection in Whole Blood

Endogenous substances in the blood are a class of natural products formed in
the synthetic and metabolic pathways of human body [37, 38], e.g., nucleic
acids, proteins, cells, polypeptides, metabolites, etc. Since circulating endogenous
molecules in whole blood can indicate the occurrence, development, and metas-
tasis of a specific type of disease or cancer in the human body, biomarker-driven
early diagnosis and personalized treatment can achieve the goal of “early detection,
early prevention, and early treatment” [39]. Beyond these traditional and routine
clinical blood tests, “liquid biopsy” technology has attracted great attention in preci-
sion medicine research on major diseases of global concern, such as cancer and
Alzheimer’s disease, with a non-invasive (minimally invasive), rapid, convenient,
and repeatable sampling method [40, 41].

Cancer is one of the most widely concerned public health issues worldwide.
According to the latest global cancer statistics of the International Agency for
Research on Cancer (IARC), in the year 2020, more than 19 million new cancer cases
have been diagnosed, as well as nearly 10 million cancer deaths occurred, of which
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Fig. 1.3 Summary of reference detection ranges and publication numbers for proteins, small
molecules, nucleic acids, and cells, which were detected by electrochemical biosensors in whole
blood. Subsequent chapters will detail the recent advances of electrochemical biosensors for
detecting various targets in whole blood (not limited to the examples in this figure). For instance,
Chaps. 3, 4, 5, and 7 are mainly discussing the analysis of small molecules, Chap. 8 focuses on
nucleic acid detection, Chaps. 9-11 represent examples of protein analysis, and Chap. 13 discusses
the analysis of cells and exosomes
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breast cancer and lung cancer account for the highest morbidity and mortality respec-
tively (Fig. 1.4). In the clinical environment, the diagnosis and staging of various
cancers mainly depend on imaging analysis and histopathology [28]. The former
is difficult to perform accurate clinical staging and pathological staging of tumors,
while the invasive sampling method used by the latter will cause unbearable pain to
patients. Endogenous analytes are readily available from body fluids including blood,
urine, saliva, and sweat, ensuring the availability of these biomarkers present therein
as targets of interest to develop “liquid biopsy” techniques [40]. Compared with other
body fluid samples, the types of candidate biomarkers circulating in the blood are
more abundant, and their application is in line with the purpose of modern precision
medicine. At present, the National Institute of Clinical Biochemistry (NACB) has
announced the clinical guidelines for several tumor markers present in blood samples.
For example, carcinoembryonic antigen (CEA) is considered as a biomarker of breast
cancer and colon cancer [42,43], CA125 is used for early diagnosis of ovarian cancer
and lung cancer [44, 45], and CA15-3 and MCF-7 are recognized as independent
biomarkers of breast cancer [28].

In clinical practice, the gold standards for cell and protein analysis are flow-
cytometry and ELISA methods [46, 47], respectively, but their sensitivity is limited
by the low capture efficiency of recognition elements. For nucleic acid analysis,
apart from the classic PCR method, next-generation sequencing is the most cutting-
edge technology [48], but the complexity of its operation is not applicable to clinical
settings. Electrochemical biosensors have been explored as good candidates for point-
of-care testing (POCT) devices due to their fast response, high sensitivity, and strong
specificity, as they rely on specific recognition between biorecognition elements
and targets [28, 49]. Depending on the target category, electrochemical biosensors
provide quantitative or semi-quantitative analysis by selecting the appropriate bio-
recognition element (e.g., DNA / RNA probe for nucleic acid detection [50, 51],
antibody or aptamer for protein / cell detection [52, 53]). Given the multitude of
biomarkers referred to as “general” tumor indicators (i.e., low specificity for cancer),

A Incidence B Mortality

Breast
B, 2 261 419 (11.7%)
. Other cancers
x 3 932 768 (30.5%)

Lung
1796 144{18%)

ung
2206 T (11.4%)

Other cancers

i I m
8870 843 (46%) 53(5, %?lg.tfw
Colorectum
1831 590 {10%)
Liver
Trostale. %) 530 180 (B.3%)
s P A Stomach
1089 103 (5.6%) 466 003 (4.7%) ; 768 793 (7.7%)
Cervix uteri Liver Ossophanus — Breast
604 127 (3.1%) 905 677 (4.7%) 166 wfts_sgﬂ 684 996 (6.9%)

Total : 19 292 789 Total : 9958 133

Fig. 1.4 Pie charts reveal the most common cancers among both sexes worldwide in 2020 for
incidence (A) and mortality (B). Statistics data for plotting figures is available from the CANCER
TODAY website (http://gco.iarc.fr/today)


http://gco.iarc.fr/today

8 L. Jing et al.

simultaneous detection of multiple targets has become a hot spot in the field of
early cancer detection in the past five years. For example, Gu et al. developed a
new electrochemical aptamer-based sensor for the simultaneous detection of protein
marker HER2 and cell marker MCF-7 in serum samples of breast cancer patients
[53], the proposed sensor exhibited an extremely low detection limits of 19 fg/mL
for HER2 and 23 cell/mL for MCF-7 (Fig. 1.5A).

Similarly, for other major diseases with limited clinical detection methods (e.g.,
Alzheimer’s disease, AD), “liquid biopsy technology as an alternative can provide
crucial diagnostic guidance information [54]. AD is a neurodegenerative disease with
insidious onset and progressive development, which can lead to cognitive loss and
even death from encephalatrophy [55, 56]. One of the key issues in diagnosing AD at
the current stage is the lack of an accurate and reliable way to measure the early onset
of mild symptoms, which allows up to 57.26% of AD patients to develop advanced
stages before receiving medication [57]. Currently, AD is still an incurable disease,
and a definitive diagnosis of AD can only be obtained by pathophysiological imaging
of the patient’s postmortem brain [58]. In 2014, the international working group
identified amyloid-f (Ap) and tau protein (p-tau) as independent diagnostic markers
for Alzheimer’s disease [59, 60]. Numerous medical studies have shown that the
expression level of AP in cerebrospinal fluid or plasma of AD patients is decreased,
while the expression level of tau protein is increased (Fig. 1.6) [61, 62]. Compared
with the invasive sampling method of cerebrospinal fluid (CSF), blood testing is
less invasive, easy to operate, and allows for more frequent sampling, making it the
preferred test for hospitals to screen for potentially high-risk AD populations.

o WARE e MOTT /".-

¥ CDs@ZrHE-MOF %, Aptamer 3% HER2/MCF-7 |

anti-AB,, agti-AB,, anti-t-tau ant

Ag, higG AR, higG ttau higG p-tau higG

Fig. 1.5 Electrochemical sensors for detecting multiple disease biomarkers. A Schematic diagram
of the CDs@ZrHf-MOF-based aptasensor for detecting HER2 and MCF-7 [53]. B Schematic
illustration of a densely aligned CNT sensor array for identifying multiple AD biomarkers [52]
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Fig. 1.6 AD core biomarkers present in human cerebrospinal fluid and plasma

So far, a variety of techniques have been used to detect AD core biomarkers in
CSF and plasma, such as ELISA, fluorescence, mass spectrometry, electrochemical
method, surface-enhanced Raman spectroscopy, etc. [63]. Taking an example for
electrochemical technology, Kayoung et al. constructed an electrochemical biosensor
using densely aligned carbon nanotubes as a signal conversion device for the clinical
accurate and ultrasensitive diagnosis of Alzheimer’s disease via detecting multiple
core biomarkers (i.e., t-tau, p-taul 81, Ap42 and AB40) in patient plasma [52], with
detection limits as low as the femtomolar level for each biomarker (Fig. 1.5B).

1.3 Electrochemical Biosensors for Exogenous Substances
Detection in Whole Blood

Exogenous substances (e.g., viruses, drugs, toxins, etc.) enter the blood circulation
system mainly through the mouth, nose, skin, and veins, thereby producing a good
therapeutic effect on the human body or causing malignant consequences of organ
functional damage. Accurate and real-time detection of exogenous substances in
blood sample is of great scientific significance for the development of virus detection,
drug analysis, and public safety supervision.

Viruses have outstanding resistance, rapid variability, and high transmissibility,
which increases the likelihood and risk of a pandemic, especially in a world of
accelerated globalization [64]. From the smallpox epidemic in 1520 to the current
COVID-19, numerous viruses, such as influenza viruses, human immunodeficiency
virus (HIV), human papillomavirus (HPV), Ebola virus (EBOV), or dengue virus,
have had a significant impact, and challenge on public health and healthcare system.
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Early detection of viral infection is crucial for containing the virus, especially in the
absence of specific vaccines or effective drugs, as it can effectively identify suspicious
individuals and quickly cut off the transmission chains [65]. Viruses are mainly
composed of hereditary substance (DNA or RNA) and a protective envelope protein
coat [66]. Based on this exclusive characteristic, molecular diagnostic techniques
such as ELISA, PCR, and hemagglutination/inhibition assay are commonly used
for virus identification or quantification [67-69]. However, such traditional methods
exhibit several disadvantages, including complicated sample pretreatment operations
and expensive detection equipment. As an emerging POCT device, electrochemical
sensors have been widely used for rapid and real-time detection of various viruses.
For instance, Zhou et al. reported a novel sandwich-type electrochemiluminescence
immunosensor for the analysis of HIV-1 p24 antigen in real serum samples [18],
achieving a linear range from 1.0 x 10 to 1.0 x 10 mg/mL and with a detection
limit as low as 1.0 x 10~ mg/mL (Fig. 1.7A).

Reasonable medication has a direct impact on maximizing effective treatment
of diseases. Generally, small doses of drugs cannot achieve therapeutic effects, in
retrospect, medication beyond the scope of clinical administration may have side
effects on the human body. Therefore, accurate and real-time monitoring of drugs in
body fluids is beneficial for doctors to develop personalized and accurate drug treat-
ment plans for patients [16]. Antibiotics, as the most common antibacterial agents in
clinical practice, such as vancomycin, kanamycin, and chloramphenicol, are capable
of killing and inhibiting invasive pathogenic bacteria [70]. However, ordinary and
excessive use of antibiotics will not only damage liver and kidney functions, but also
easily increase bacterial resistance, causing an outbreak of “super bacteria” [71]. In
2017, Plaxco et al. first demonstrated that aptamer-based electrochemical sensors can
be emplaced directly in the blood circulation of living animals to support continuous,
real-time, multi-hour measurement of small molecule drugs [16], and successfully
achieved high resolution pharmacokinetic profiles of DOX, kanamycin, gentamicin,
and tobramycin (Fig. 1.7B). Furthermore, electrochemical biosensors can provide a
powerful basis for the screening of new disease drugs by monitoring the concentra-
tion changes of specific biomarkers in the human body after drug administration. For
example, Wang et al. analyzed the lethality of anticancer drugs DOX and tamoxifen
on tumor cells by using the designed integrated electrochemical nanodevice [72].

Beyond the above-mentioned therapeutic drugs, the abuse of addictive drugs (e.g.,
cocaine, morphine, and marijuana) can seriously harm human health, even destroy
family happiness and endanger social public safety [73]. Currently, the main mate-
rials used for drug testing include hair, urine, and blood [74], among which blood
testing has the advantages of fast, convenient, and high accuracy. The establishment
of rapid, sensitive, and on-site detection methods is essential for a comprehensive
crackdown on drug crimes worldwide. Zuo et al. constructed a novel sandwich-type
electrochemical approach based on a single aptamer sequence for the direct detec-
tion of cocaine in serum samples and other complex matrices [17], achieving the
significant detection of cocaine at concentrations as low as 1 uM (Fig. 1.7C).
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Fig. 1.7 Electrochemical biosensors for exogenous substances detection in whole blood. A
Schematic diagram of an electrochemical luminescence immunosensor based on P-RGO@Au@Ru-
SiO; composite for HIV-1 p24 antigen detection [18]. B Schematic illustration of an aptamer-based
electrochemical sensing platform for continuous measurement of specific drugs directly in the living
animal [16]. ¢ Schematic illustration of a sandwich-type electrochemical approach based on a single
aptamer sequence for detecting cocaine [17]

1.4 Conclusion and Outlook

In this chapter, we emphasized that whole blood analysis as a powerful database can
provide guidance for disease diagnosis, virus detection, and drugs / narcotics testing.
Among the techniques employed for whole blood analysis, electrochemical biosen-
sors have attracted widespread attention due to their advantages of high specificity
and sensitivity, convenient operations, low instrument cost, capable of miniatur-
ization and intelligence. Here, we specifically summarized the respective detection
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ranges and corresponding publication numbers of electrochemical biosensors for
well-known specific analytes under different target categories (i.e., small molecules,
nucleic acids, proteins, and cells) in whole blood, thus providing a guideline for the
following chapters.

Electrochemical biosensors have shown broad application prospects in the quan-
titative or semi-quantitative analysis of endogenous and exogenous components in
the circulating blood system. Especially for the construction of personalized diag-
nosis and treatment systems, they have defaulted as the most promising candidates for
POCT devices, which facilitate patients to monitor their health status at any time, so as
to achieve the goal of “early detection, early diagnosis, and early treatment.* Never-
theless, such electrochemical sensing devices still face several critical challenges
before transitioning from experimental models to practical commercial products,
including their sensitivity, specificity, multiplexing and implantation possibilities,
etc. [28].

Although the physicochemical changes in biomarkers provide important informa-
tion about disease status, their extremely low concentrations in blood samples make
high sensitivity crucial for sensors to track the levels of target biomarkers. Meanwhile,
for complex biological media, such as human serum or blood samples, the matrix
interference effect caused by the existing non-target components would seriously
affect the accuracy and sensitivity of the analytical results of electrochemical sensor
(e.g., biofouling). In addition, the specificity of disease biomarkers should also be
taken into account, because the vast majority of biomarkers are broad-spectrum and
cannot be served as independent parameters to predict the occurrence and develop-
ment of specific diseases. Therefore, using a single biomarker as diagnostic evidence
for a disease often leads to misdiagnosis by doctors.

There is an urgent need to develop multiplexing electrochemical biosensors
capable of simultaneously detecting multiple disease biomarkers. At present, multi-
plexing sensors can be achieved by two assembly strategies: one is a single electrode
system with several biorecognition elements and redox tags, and the other is an
array electrode system with multiple biorecognition elements and a single redox tag.
The former has limited availability of multi-redox tags with different electrochem-
ical interrogating windows, while the latter is not satisfactory in terms of circuit
arrangement and signal resolution.

The construction of implantable biosensors for long-term monitoring of specific
targets (e.g., disease biomarkers, small molecule drugs) in blood vessels would
greatly advance the progress of precision medicine. When being placed and inter-
rogated in the complex human circulatory system, implantable electrochemical
biosensors require high-performance antifouling, anti-degradation, anti-corrosion,
and biocompatibility [75]. Of course, many other factors such as battery life and
the miniaturization and intelligence of biosensors are also major challenges to be
overcome urgently.
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Chapter 2 ®)
Electrochemical Biosensors Geda
and the Signaling

Xuewei Du, Wanxue Zhang, Suyan Yi, Hui Li, Shaoguang Li, and Fan Xia

Abstract An electrochemical biosensor is a type of sensor that uses biological
materials as the sensitive component, electrodes as the conversion element, and
current, potential or resistance as detectable characteristics of the signal. In recent
decades, electrochemical biosensors have been developed for the detection of many
biological elements. Biosensors designed to detect a range of targets have been
extensively studied in terms of their transduction, biometric, and electrochemical
components. This chapter presents a discussion of bio-receptors and electrochem-
ical techniques that can be used to detect biological elements. Biological elements
include tissue, living cells, an enzyme, antibody or antigen, and nuclei. Electrochem-
ical methods include electric current, electric potential, impedance. This critical
review will discuss the two components of electrochemical biosensors, biological
elements and electrochemical techniques, in order to provide an easy to understand
introduction to electrochemical biosensors.

Keywords Biosensors + Biorecognition elements - Electrochemical signaling *
Electrochemical methods - Voltammetry - Electrochemical Impedance
Spectroscopy

2.1 Introduction

Electrochemical biosensors combine the low detection limits of electrochemical
transducers with the high specificity of biometrics [1]. Therefore, the electrochemical
biosensor has the characteristics of high sensitivity and specificity. At the same time,
the electrochemical biosensor also has the advantages of low cost, convenient use,
portability, simple structure, and so on. Currently, the electrochemical biosensor also
boasts the advantages of being cost-effective, user-friendly, portable, and having a
simplified structure. Therefore, it provides precise quantitative or semi-quantitative
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analysis for various types of molecules, including small molecules, nucleic acids,
proteins, cells, and more [2, 3].

Electrochemical biosensors employ recognition elements that have the ability
to selectively react to targeted analytes, thereby reducing interference from other
components present in the sample [3]. Biometric components may be antibodies or
antigens, nucleic acids, enzymes, molecular imprinted polymers and peptide nucleic
acids, etc. [3-5]. Sensor/transducer signals include current, potential, intensity, and
phase of electromagnetic radiation, mass, conductivity, impedance, temperature,
light, and viscosity [1, 3, 6, 7] (Fig. 2.1). The overall performance of electrochem-
ical biosensors is determined by biometric components, sensors, and transduction
methods [4].

Electrochemistry does not depend on the volume of the reaction, so rapid anal-
ysis of small samples can be achieved. (less than 1 pwL) [8—10]. The electrochemical
detection process requires no preparation or fewer experimental steps, specifically,
electrochemical analysis of homogeneous samples, without the need to separate the
antibody-antigen complex from the sample, is a step toward achieving electrochem-
ical rapid detection. Because electrochemical biosensors are unaffected by chro-
mophores, fluorophores, and particles in the sample composition, electrochemical
sensors can detect colored or turbid samples, such as serum, plasma, or whole blood,
without interference from lipoprotein, red blood cells, hemoglobin, and bilirubin
[11, 12].

Electrochemical biosensors have made great progress in recent years in laboratory
research, and translation from laboratory to clinic remains a challenge for many
laboratories, including sensitivity, specificity, and reproducibility. The solution to
these several key problems must also start from the basic origin of the electrochemical
biosensors themselves, and promote the translation of electrochemical biosensors
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Fig. 2.1 Components of electrochemical biosensors
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from laboratory to clinic by optimizing the recognition components, selecting the
appropriate sensors and conduction methods, increasing the use of new materials
and integrating interface technologies. In this section, we aim to provide a brief
discussion of signaling and biorecognition elements.

2.2 Electrochemical Methods

Depending on the respective input and output signals, electrochemical biosensors
can be classified as oltammetric/amperometric (typically generating a measurable
current), impedimetric (monitoring resistance and reactance), potentiometric (the
ratio of the potential energy of a unit charge in an electric field to the amount of
charge it carries), conductometry (the velocity of charge flow in a substance), photo-
electrochemical and electrochemiluminescent biosensors (measurable iuminescence
signal), field effect transistor (FET, measurable ionic charge).

Voltammetric/amperometric is the most commonly used of these techniques,
including cyclic voltammetry (CV), chronoamperometry (CA), differential pulse
voltammetry (DPV), square wave voltammetry (SWV), linear sweep voltammetry
(LSV) [13]. The classification of these techniques depends on how the question
potential method is applied, which we will discuss in detail in the next section
(Fig. 2.2). Among these techniques used for electrochemical biosensors, voltam-
metry/amperometry accounts for 80%, followed by EIS and potentiometry, etc.
We describe the principles of all these techniques and their corresponding sensor
applications.

CV 40%
Voltammetry/A
mperometry
81% CA 33%
Potentiometry
29%, DPV 18%
Others SWV 7%
1%
LSV 2%

Fig. 2.2 Electrochemical techniques employed for biosensors. The different classifications of
electrochemical techniques and their proportions, and the subclassifications of voltammetry/
amperometry techniques and their proportions are shown in the figure. Both statistical analyses
come from Web of Science, using the search terms “‘electrochemical biosensors” and “blood” from
the year 2013 to the year 2023
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2.2.1 VYoltammetry/Amperometry

Voltammetry/amperage technology works by applying a potential to the working
electrode and measuring the current resulting from the oxidation or reduction reac-
tion of electrochemically active molecules at the working electrode. The redox-active
molecules are either attached to the electrode surface or free in solution. The elec-
tron transport of attached redox molecules is limited by the mass transfer rate at
the reaction molecule-electrode interface in terms of solution pH, ionic strength,
temperature, solution viscosity, nano-limited domain space, etc. [13—18].
Voltammetric and amperometric biosensors can be classified according to the
technique used to apply interrogation potentials, which is briefly discussed below:

(1) Linear sweep voltammetry (LSV)

In LSV, the potential is constant input, the current is output, and the potential is
linear with respect to time. The peak current measured by the current—potential
curve is linearly related to the concentration of the measured substance, which can be
used for quantitative analysis and is more suitable for the determination of adsorbed
substances (Fig. 2.3).

The number of electron transfers, the chemical reactivity of the redox molecule,
and the scanning rate are all key factors affecting LSV. According to the Randles—
Sevcik equation, the higher the number of electrons gained and lost in a reversible
reaction, the higher the peak current. The larger the electrode area of the reaction, the
higher the molarity of the reactant redox molecules and the corresponding increase
in current.

In LSV, the current increases with the scan rate, while the potential varies with
the scan rate. At a fixed scan rate, the potential shift depends on the type of redox
reaction (reversible, quasi-reversible or irreversible). In a reaction process controlled
by free diffusion, for a reversible reaction, the faster the scanning rate, the thinner
the diffusion layer, the larger the potential gradient, and the increased current. The
potential shift requires more response time than quasi-reversible or irreversible reac-
tions or reactions with slower kinetic processes. During the control of the adsorption
process, the relationship between peak current and sweep speed will not be that of
the Randles—Sevcik equation but will be close to the one-square relationship.

E(-)

-

0 i t E, E" E (ort)

Fig. 2.3 The mechanism of LSV employed for electrochemical biosensors
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LSV allows the study of materials in the general potential energy and time scale
domains to gain insight into the thermodynamic and kinetic behavior of inser-
tion reactions. In addition, LSV is highly sensitive to structural changes in the
inserted compound. LSV is therefore a widely used method for the study of insertion
compounds [19].

(2) Cyclic voltammetry (CV)

CV is a common method used in electrochemical research. CV controls the change
in electrode potential, with the voltage fluctuating between the two values at a fixed
rate, but returning to the minimum/maximum when the voltage reaches a maximum/
minimum voltage reversal. The potential range includes both reduction and oxidation
reactions (depending on the REDOX molecule used), and current—potential curves
are recorded (Fig. 2.4). Therefore, CV is often used to study the properties, mech-
anism, and kinetic parameters of electrode reactions. It can also be used for the
quantitative determination of reactant concentration, adsorption coverage on elec-
trode surface, electrode active area, electrode reaction rate constant, exchange current
density, reaction transfer coefficient, and other kinetic parameters.

For CV technology, scan rate and potential are key factors. The scan time must
provide sufficient time for the complete redox reaction, and the potential must
contain the complete redox reaction [20]. Therefore, the scanning time must be
sufficient to allow meaningful chemical reactions to occur. And the scan range for
CV measurements is highly dependent on the specific redox-active molecules.

(3) Differential pulse voltammetry (DPV)

DPV uses successive rising potential pulses in step wave mode, with a series of
forward and reverse pulses as excitation signals. The electrolytic current Ai within
the cycle is obtained by subtracting the positive and negative pulse current within
the cycle. With the increase of potential, the electrolytic current Ai for several cycles
is measured continuously and Ai ~ E is plotted as pulse difference curve (Fig. 2.5).
DPV can increase the sensitivity of electrochemical detection, and the application of
step pulse potential can improve the effect of charge current generated by CV when
the linear potential changes and the influence of non-Faraday current caused by the
diffusion layer.
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Fig. 2.4 The mechanism of CV employed for electrochemical biosensors
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Fig. 2.5 The mechanism of DPV employed for electrochemical biosensors

(4) Square wave voltammetry (SWYV)

SWYV is a technique in which potentiostat superimposes potential in the form of
symmetric square wave (forward and reverse) on the basis of step linear scanning.
Forward and reverse potentials have the same duration and are applied at the same
frequency. The forward and reverse pulses of current subtracted from each other will
result in a differential current and potential curve (Fig. 2.6). The forward and reverse
components of SWV are curves measured experimentally and are directly related to
the oxidation and reduction reactions of redox molecules [21].

SWYV can be used not only for quantitative analysis, but also for the study of
chemical reaction mechanisms, kinetics and thermodynamics. SWV is characterized
by its ability to distinguish between background (capacitive) current and Faraday
current, as well as its rapid analysis rate. Compared to DPV, the consumption of
electroactive components is lower, and in SWV scanning, the low concentration of
dissolved oxygen in the solution has no time to diffuse to the electrode surface for
reaction, so no nitrogen deoxygenation is required. And the SWV current is 3—4
times higher than the corresponding DPV response.

(5) Chronoamperometry (CA)

Chronoamperometry, applies a stabilizing potential to a working electrode and
measures steady-state current as a function of time [22]. The CA regulation mandates
an initial, as well as a high and low potential. After the initial potential, from the
initial value to either a higher or lower potential. After a duration of t (pulse width),
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Fig. 2.6 The mechanism of SWV employed for electrochemical biosensors
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Fig. 2.7 The mechanism of CA employed for electrochemical biosensors

the potential will shift in the opposite direction (either from high to low potential or
from low to high potential) and persist for t time. The current response is contingent
on initial and final potential values (Fig. 2.7).

The change in current is caused by an increase or decrease in the thickness
of the diffusion layer on the electrode [23-26]. Notably, CA is a sensitive tech-
nique that does not require redox molecules. Compared to other detection methods,
timing amperometry is usually used to quantify known analytes due to its better
signal-to-noise ratio [27], and CA can be applied alone or in combination with other
electrochemical techniques.

(6) Chronocoulometry (CC)

The CC method is a determination of the change of charge over time, it may be
performed during a potential scan or a fixed potential step [28]. The CC method
requires an initial potential (Initial E) and a final potential (Final E) and is a change
of potential from an initial potential to a final potential with charge as a function
of time, which will change to a third value (usually the initial potential value) after
holding the second potential for a period of time t. Thus, the potential step experiment
of the CC method can be a single or double step (Fig. 2.8).

If the Faraday current resulting from electrolysis of molecular substances in solu-
tion does not occur at any of the potentials, the response is the current due to electrode
charging, and the response decreases exponentially with the peak current. Usually,
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Fig. 2.8 The mechanism of CC employed for electrochemical biosensors
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the Faraday response does not occur at the initial potential, but arises at the final
potential. During the CC test, redox active molecules are electrolyzed as soon as
they reach the surface of the working electrode; therefore, the magnitude of the CC
current depends on the rate of transfer of electrochemically active material from the
solution to the surface of the working electrode, i.e., the rate of diffusion of redox
molecules.

CC measurements are not used for absolute concentration measurements, and are
usually used to measure electrode area and diffusion coefficient.

The advantage of CC is that the signal increases with time, the response occurs
in the second half of the potential, and the signal has a good signal-to-noise ratio. In
addition, CC retains information about the initial response by accumulating charge
during the test and can be used to detect adsorbed substances on the surface of the
working electrode [29].

2.2.2 Electrochemical Impedance Spectroscopy (EIS)

EIS uses a small sine wave potential or current as a disturbance signal to generate an
approximately linear response of the electrode system, thus measuring the impedance
spectrum of the electrode system over a wide frequency range [30]. EIS can investi-
gate intrinsic material characteristics or specific mechanisms that affect the conduc-
tivity, resistivity, or capacitance of an electrochemical system. EIS can measure the
conductivity of a medium and indicate the interaction between the electrode surface
and the target.

Electrochemical impedance sensing technology can be used to monitor changes
in the electrical properties of the electrode surface caused by material modification
or molecular identification. For example, changes in electrode conductance can be
measured using EIS due to antigen/antibody binding and antibody-antigen reactions
on the electrode surface (Fig. 2.9) [31].

2.2.3 Photoelectrochemical and Electrochemluminescent
(ECL) Biosensors

The principle of photoelectrochemical (PEC) sensors relies on the process by which
light irradiation is absorbed by the electrode material, generating a measurable
current, also known as photocurrent. The photocurrent information is proportional
to the concentration of the analyte, thus facilitating its application in analytical
chemistry. Moreover, the correlation between photocurrent, wavelength, electrode
potential, and solution composition can reveal valuable details about the properties,
energetics, and kinetics of the optical processes involved.
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Fig. 2.9 The mechanism of EIS employed for electrochemical biosensors [32]. Copyright 2020
Springer Nature

The design principle of PEC is to enhance light absorption and optimize load
separation efficiency. In the photoelectric conversion process, chemical information
or analyte concentration is initially converted into a specific physical and chem-
ical parameter. Subsequently, the heterogenous electron transfer resulting from the
change in the dynamics of the interfacial charge transfer is detected as an electrical
signal, to achieve the detection target.

PEC analysis can be classified into two types based on the electronic transmis-
sion method: photoanode and photogalvanic analysis. Based on the N-type semicon-
ductor, the optical anode mode is used as a light-sensitive material and interacts with
electron donors in electrolytes. In contrast, the optoelectronic cathode mode depends
on the P-shaped semiconductor material that acts as an electron receptor in PEC.

ECL biosensors use the conversion of electrochemical energy into light at the
electrode interface [33]. In an electrochemical reaction, luminescence is observed
when the molecule is in an excited state. To initiate this phenomenon, a potential
is applied to the electrode. The intensity of the emitted light is measured using a
photodetector, typically a photomultiplier tube [34].

High responses are often achieved by the conversion of tags by repeater molecules,
such as ruthenium complexes such as Ru(bpy);>* [35, 36]. The application of ECL
to a variety of NPs is a recent development. This includes popular forms such
as binary, core—shell, and doped QDs, as well as single-element NPs such as Si,
Ge, Ag, Au. Metal oxide semiconductors, up-converting NPs, molecular nanoaggre-
gates, and more complex hierarchical assemblies are also explored for their diverse
ECL mechanisms and reaction pathways [37]. Compared with other luminescence
methods, electrochemical luminescence instruments have been widely used due to
their simplicity and low background signal.

Among all the methods described above, due to its flexibility in signal interpreta-
tion and ease of operation, voltammetry including CV, EIS, SWYV, DPYV, etc., is the
most applicable technique that has been widely used in biosensors.
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2.3 Biorecognition Elements for Electrochemical
Biosensors

As the “core” component of electrochemical biosensors, Biorecognition elements
have the essential function to promise the sensitivity and specificity of electro-
chemical biosensors. The unique structure of biorecognition elements influences
the performance characteristics of electrochemical biosensors. Therefore, before
conducting an in-depth analysis of electrochemical biosensors, we should first have
a basic understanding of each biometric element. Loads of biorecognition elements
exist, from natural existence to artificial design and synthesis. Here, we focus on
several of the most commonly-used biometric elements.

2.3.1 Aptamers

Aptamers are short (usually 10-80 bases in length) single-stranded DNA or RNA
oligonucleotides, with their 3D folded structures, which can identify target analytes
through hydrogen bonding, electrostatic interaction, or base-stacking and other inter-
actions, and combine with target analytes to form a stable complex [38]. The aptamer
sequence of specific analytes can be manually isolated from oligonucleotide libraries
through in vitro screening procedures, e.g., systematic evolution of ligands by expo-
nential enrichment (SELEX) [39]. The main steps of the SELEX method include
incubation, separation, amplification, and purification. Aptamers produced by this
method can combine with a wide range of target analytes, including small molecules,
ions, proteins, cells, viruses, etc. The recognition property of aptamers is similar to
that of antibodies, but aptamers have some obvious advantages:

(1) Changes in temperature or the addition of exogenous reagents cause aptamers to
undergo reversible conformational changes without losing their binding capacity
[40, 41].

(2) Aptamers are produced by chemical synthesis, are easy to modify, and cost-
effective.

(3) Since the production process of aptamers does not involve any biological system,
batch-to-batch variations are passively minimized in comparison to antibody
production.

With these advantages, biosensors based on electrochemical capacitors have
been extensively studied. According to different design strategies, electrochemical
aptamer sensors can be divided into three categories: (1) “aptamer-target” direct
detection mode; (2) “target induced strand-displacement” competitive detection
mode; (3) sandwich detection mode.

In direct detection mode, the aptamer can bind directly to the target and induce
a conformational change in the probe, thus changing the electron transfer dynamics
between the redox reporter molecule and the electrode, resulting in measurable
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changes in electrical signals. Some aptamers do not undergo conformational changes
after binding directly to the target, but binding to the target will also change the elec-
tron transfer dynamics between the redox reporter molecule and the electrode in the
solution, resulting in measurable changes in electrical signals [42].

The competitive detection mode depends on the competition between the comple-
mentary aptamer sequence and the target [43]. Specifically, the complementary strand
of the aptamer with redox reporter-labeled is fixed to the electrode and forms a dsDNA
conformation with the aptamer strand. When the target analyte exists, the aptamer
binds to the target is present, the complex falls off, and the electrochemical signal
changes.

Sandwich electrochemical aptamer sensors typically have higher selectivity than
single aptamer engagement, but require at least two aptamer recognition sites for
the target analyte, and the two aptamers need to have different recognition sites. In
sandwich electrochemical sensors, one aptamer modifies the signal molecule as the
electrical signal element and the other aptamer with the target as the capture element
[44].

2.3.2 DNAzymes

DNAzymes are oligonucleotide molecules that can bind target analytes with high
specificity and enzymatic properties, which can be obtained through in vitro selec-
tion. Target-responsive DNAzymes can serve as excellent biological recognition
elements because they can be rationally designed to utilize DNA complementarity
for controlled capture and release. In biological systems, DNA enzymes may carry the
risk of nuclease degradation. The current solution to this problem is to directly select
DNAzymes from biological samples containing nucleases or to make chemical modi-
fications to prevent exonuclease digestion. To date, DNAzyme biosensors have been
developed using various amplification strategies such as hybridization chain reac-
tion (HCR) and catalytic hairpin assembly (CHA) as promising recognition elements
[45].

2.3.3 Peptides

Peptides are short chains of amino acids linked by peptide bonds and consist of 20
amino acids based on different sequence information [46]. Their building blocks
are the same as proteins, so the peptide with a specific sequence can display the
target recognition ability. According to different sources, peptides can be divided
into natural peptides and artificial peptides. The standard synthetic protocol for
artificial peptides is called Fmoc (Fluorenylmethyloxycarbonyl) and t-Boc (tert-
butoxycarbonyl) solid-phase peptide synthesis (SPPS) [47, 48]. Because of its better
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chemistry, conformational stability, and high specificity, easy modification, versa-
tility, and chemical versatility. Peptide-based biosensors have been developed for
electrochemical detection of various targets such as cells, proteases, nucleic acids,
metal ions, and more. Generally, the combination of peptides and the target analyte
will not produce measurable signals. Therefore, Peptide-based electrochemical
biosensors modify redox reporter molecules on peptides to convert target information
into measurable electrochemical signals.

2.3.4 Peptide Nucleic Acids (PNAs)

Peptide nucleic acids are a unique DNA analogue [49]. The backbone used is N-(2-
aminoethyl) glycine, with pyrimidines and purines bound to it via methylene carbonyl
groups. Similar to DNA, PNA also binds to specific RNA and DNA sequences based
on Watson Crick’s complementary pairing principle. Compared to hybridization
between nucleic acids, PNA has the following advantages:

(1) Because PNA molecules have no electrical charge, there is no charge repulsion
between RNA or DNA strands and the electrically neutral PNA strand. And the
PNA/DNA(RNA) duplex has extraordinary thermal stability and is less affected
by medium ion strength [50, 51].

(2) DNA/PNA hybrid complexes exhibit high sensitivity to the presence of a
single mismatched base pair, allowing accurate discrimination of single base
mismatches. Therefore, peptide nucleic acid biosensors are mainly used to
analyze single nucleotide polymorphisms (SNP) [49].

(3) PNA is a synthetic molecule with an amide bond backbone, which distinguishes
itfrom phosphodiester bonds presentin DNA. This chemical composition makes
it highly resistant to hydrolysis by protease or nuclease enzymes, providing
superior stability [52].

Due to its distinctive characteristics, PNA has recently become a popular choice
for building electrochemical biosensors. According to the different signal generation
mechanisms, PNA-based electrochemical biosensors are mainly divided into two
types: direct signal detection mode and indirect signal detection mode. The elec-
trical signal of the direct detection model sensor is derived from changes in guanine
oxidation signals before and after PNA and DNA hybridization [53]. Indirect detec-
tion uses PNA as a capture probe, introducing an electroactive label during sensor
construction, and sensor signal changes are provided by the label’s direct redox
signal.
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2.3.5 Proteins

Proteins have also been integrated into electrochemical sensors as biological recog-
nition elements, with the gradual development of phage, bacterial, and ribosome-
related technologies. For example, metal ion detection uses the interaction between
metals and proteins to cause changes in their function and/or conformation. Specifi-
cally, the recognition proteins are attached to an electrode surface. Upon binding of
metal ions, it changes to a more compact configuration, which opens the electrode
surface for metal ions to enter and thus increases the capacitance of the electrode
surface. However, this strategy requires high protein specificity [54-56]. Recently,
a protein-based electrochemical biosensor has been developed for the detection of
proteins and peptides. This type of sensor is based on the basic principle of confor-
mational changes caused by proteins binding to target analytes and applied redox
reporter to modify proteins to indicate the occurrence of binding events [57]. The
signal transduction of this sensor is closely related to the placement of redox reporters
on proteins.

2.3.6 Antibodies

Antibodies, also known as immunoglobulins, are highly soluble glycoproteins
involved in the immune system’s defense mechanisms. Antibodies have a Y-shaped
structure and are composed of two parts, each consisting of a light and a heavy chain.
The larger molecular weights are called heavy chains, the smaller molecular weights
are called light chains, and the light and heavy chains are joined together by disulfide
bonds [58, 59]. The light (V1) and heavy (Vy) chain region of the antibody with
a large sequence variation of about 110 amino acids near the N-terminus is called
the variable region, which accounts for 1/4 and 1/2 of the heavy and light chains,
respectively. The variable region determines the specificity of the antibody and is the
site where the antibody recognizes and binds the antigen [60].

Various types of antibody-based biological recognition components, including
monoclonal antibodies and derivatives thereof, such as antigen-binding fragments,
single-chain variable fragments, or single-chain antibodies, may serve as capture
or signal probes in the development of immunosensor applications [61]. Antibody-
based sandwich electrochemical sensors typically employ a surface-bound antibody
as the capture probe. Once attached to the target antigen, a reporter molecule,
labeled as a secondary antibody, is introduced into the detection system. It binds
to the same antigen, creating an electrochemical signal that depends primarily on the
identification of distinct epitopes by the two antigens [62].
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2.3.7 Enzymes

Enzymes are a type of protein or RNA created by living cells that are highly special-
ized and highly effective catalysts. The catalytic efficiency of enzymes depends
on the integrity of both the primary and spatial structure of enzyme molecules.
Enzyme activity may be lost due to the molecular denaturation of enzymes or depoly-
merization of subunits. Enzymes are classified as biological macromolecules with
molecular weights ranging from 10,000 to millions of macromolecules. Enzymatic
biosensors, as they are called, employ enzymes as recognition elements, which are
highly specific to their substrates. Enzyme electrochemical biosensor uses enzymes
as biometric molecules to capture signals generated by the reaction between the
target and the enzyme through various chemical signal transducers. Enzyme electro-
chemical biosensors can be divided into catalytic systems or enzyme affinity systems
according to the principle of biological selectivity. Usually, the signals are propor-
tional to the concentration of the target, so as to achieve quantitative analysis of the
target.

Enzymatic sensors have wide applications in detecting different substances in
biological specimens, including glucose, cholesterol, or lactic acid, and in analyzing
toxicity levels in environmental monitoring, food inspection, quality assurance, and
biomedical and pharmaceutical sensing [63—68].

2.3.8 Lectins

Lectin is a glycoprotein or glycobinding protein that can be isolated from a variety
of sources, including plants, invertebrates, and higher animals. Because of its ability
to agglutinate red blood cells, it is referred to as lectin, commonly used as plant
lectin [69, 70]. Lectins’ ability to recognize complex carbohydrate structures found
in glycoproteins and glycolipids, mainly located in cell membranes, specifically
glycogroups present on the surface. Lectins have the unique ability to bind exclu-
sively to a specific type of glycogen group [71-74]. This forms the basis for the
development of lectin sensors that can directly examine intact cell surfaces, as well as
glycolipids, glycoproteins, and sugars present in membranes [75—77]. There are some
disadvantages, such as the need to label lectins, which can reduce the performance
of the biosensor.

2.3.9 Epitopes

Epitopes are short continuous peptide chains [78—81] that specifically recognize the
corresponding antibodies and have the advantage of being easy to obtain, synthesize
and modify, which provides a convenient option for antigen—antibody interactions.
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Epitopes can specifically recognize the corresponding antibody, and because epitopes
are easy to obtain, synthesize and modify, it provides a scheme for the detection of
antibodies in the blood. It is worth noting that the rapid response time of epitopes
to targeted antibodies is up to minute, so epitope sensors are a powerful means of
antibody analysis [82—85].

2.3.10 Molecularly Imprinted Polymers (MIPs)

MIPs are widely used as recognition elements for biosensors due to their ease of
synthesis, cost-effectiveness, flexibility in the design of recognition elements for
target analytes, and the ability to mimic natural enzyme analogs [86]. MIPs are
synthetic matrices used as detection materials in biosensor fabrication due to their
exceptional recyclability, thermal stability, and specificity in comparison to biorecog-
nition components. Based on the function, charge, and morphology of the target,
imprinted polymer receptors exhibit selective binding, causing changes in their
structural characteristics and signals, enabling effective detection [8§7-89]. However,
several challenges remain for MIP technologies, including low affinity, incomplete
removal of template molecules, low conductivity and electrocatalytic activity, and
inefficient mass transfer.

2.4 Conclusion and Outlook

Electrochemical biosensors with high specificity and sensitivity for target detection
are of great importance for clinical prevention, diagnosis, and prognosis of related
diseases. The application of electrochemical biosensors focuses on the selection of
appropriate test methods and the identification of the original components, which
can effectively improve the detection performance of the sensor. Common electro-
chemical biosensors can be classified into voltammetric/ampere, impedance, poten-
tial, conductivity, photoelectrochemical and electrochemiluminescent, field effect
transistors, etc. Biorecognition elements may be tissue, living cells, an enzyme, anti-
body or antigen, and nuclei. Due to the different detection methods and characteris-
tics of biometric originals, the corresponding sensors have different research prior-
ities. Although electrochemical sensor detection has made great progress in recent
years, there are still some challenges in translation from laboratory to clinic. For
example, most sensors can only detect a single target, instability, and poor immunity
to interference.

The simultaneous detection of multiple markers helps In the accurate diag-
nosis of diseases, while ability of electrochemical biosensors to identify multiple
analytes makes them very popular in practical applications. The senso’s the ability to
achieve peak separation and improved sensitivity to specific analytes is critical to the
success of this application. Peak separation is closely related to the detection method,
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nanomaterials, and the signal molecule used. The use of nanomaterials and signal
molecules facilitated the precise segregation of various analytes, allowing accurate
quantitative measurements. CV, SWV, and DPV can be altered by nanomaterials or
by the use of multiple signal molecules, allowing complete differentiation of multiple
peak currents, and enabling simultaneous detection of multiple targets [90, 91].

The simultaneous use of multiple different potential signal molecules is a prerequi-
site for the simultaneous use of multiple targets, and the signal molecules commonly
used in electrochemical sequencing sensors currently including methylene blue,
ferrocene, anthraquinone, thionine, nile blue, woster’s blue, multicolor electrochemi-
luminescence, luminol, isoluminol, and their derivatives, acridinium ester deriva-
tives, ALP, and HRP has been also explored for electrochemical biosensors. Methy-
lene blue is the most widely used signaling molecule in electrochemical biosensors.
Most current electrochemical studies use a single redox molecule, i.e., MB or Fc [92,
93]. In addition, the position of the redox marker affects DNA interfacial electro-
chemistry. Specifically, limitations in ion accessibility affect the current of the redox
marker located at the bottom of the DNA monolayer, while the redox marker at the top
is unaffected [94]. It is important to note that there are generally three requirements
for the simultaneous use of multiple reporter molecules. First, their potential does
not overlap, allowing both to be monitored simultaneously. Second, both are fairly
stable. Finally, their physical properties are very similar, so they respond consistently
to environmental changes that cause drift. Further improvements and development
of nanomaterials and signal molecules will provide sensitive and selective substrates
by which multianalyte detection can be performed.

The design of novel nucleic acid probes and the development of related interfacial
sensing principles are important factors driving the development of sensing technolo-
gies. In the field of electrochemical biosensing, a lot of related research work has been
done by many excellent groups at home and abroad. Self-assembled single-molecule
layers on the sensor surface, which act as molecular closure layers, can eliminate or
reduce the non-specific adsorption of DNA probes on the electrode surface to improve
the sensitivity, specificity, and lifetime of electrochemical sensors. Researchers have
greatly enhanced antifouling properties by using alkanethiol molecules with different
hydrophilic portions [95], alkanethiol molecules with different hydrophobic portions
[96], and mimetic phosphatidylcholine [93] to improve detection performance (e.g.,
stability, sensitivity, and specificity).

The combination of multifunctional materials, recognition elements, and electro-
chemical methods enhances selectivity and stability. To achieve this, researchers are
exploring innovative materials and diverse signal molecule potentials, redox peak
potential/current, amplitude, scan rate, bionic film, etc. These techniques have been
used to improve one or both of these deficiencies. Although electrochemical biosen-
sors face some challenges, they have a significant clinical impact in diagnosing and
treating diseases. In addition, these sensors play a crucial role in collecting data for
biomedical research.
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Chapter 3 ®)
Electrochemical Biosensors for Ions Check for
Detection

Kai Zhang, Xiaojin Zhang, and Fan Xia

Abstract As one of the most important biological fluids, whole blood provides
important information for health management and disease monitoring. Ions are an
important component of blood and carry key information for early diagnosis of
diseases. Therefore, a highly selective, sensitive, accurate, and reliable technology is
needed to detect the ion content in blood to monitor the health status. Among them,
electrochemical biosensors are famous for their advantages in detecting ions in blood,
such as quickness, sensitivity, reagent-free, and cleaning-free. In order to achieve
the sensitivity and selectivity of blood analysis, electrochemical biosensors have
explored many strategies, including the use of hierarchical electrodes, nanomaterial
modification, and enzyme amplification. Here, we aim to comprehensively review
all these advances, challenges, and opportunities in electrochemical biosensors for
the detection of ions in blood.

Keywords Biosensors - Electrochemical detection - Electrodes - Nanomaterials -
Blood + Serum - Metal ions - Inorganic phosphate + Nitrite + Nitrate

3.1 Introduction

In the past two decades, monitoring the concentration of ions in the body has provided
key information for disease monitoring and health management, and has been the core
of many clinical studies, especially the analysis of metal ions in the body, which plays
a key role in health monitoring [1-3]. For example, K*, Na*, and Ca?* can reflect
important life activities in the human body [4]. Fe** and Zn?* in physiological fluids
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such as whole blood are important metal enzyme ligands that affect enzyme activity
[5]. As**, Cr®*, and Hg2+ can cause cancer and kidney, liver, and nervous system
failure [6, 7]. Although these ions can provide important information about disease
status, their concentration in blood is extremely low and the matrix environment is
complex, so it is a great challenge for early clinical detection and diagnosis.

At present, the detection methods of ions in physiological fluids include induc-
tively coupled plasma mass spectrometry (ICP-MS), atomic fluorescence, atomic
absorption, and ultraviolet—visible (UV-Vis) spectroscopy [8—10]. However, the
chemical steps of the above methods are tedious, and the requirements of expensive
reagents and instruments limit their use. In this context, electrochemical biosensors
are known for their fast, sensitive, reagent-free, and clean-free performance. They can
provide various analytical capabilities to realize the detection of small molecules,
ions, nucleic acids, proteins, and cells. In order to achieve sensitive and selective
blood analysis, many strategies of electrochemical biosensors have been explored,
including the use of hierarchical electrodes, nanomaterial modification, and enzyme
amplification. The detection methods include amperometric method [11, 12], poten-
tiometric method [13], and impedance method [14]. The electrochemical biosensors
for ions detection are summarized in Table 3.1. Here, we aim to provide an overview
of electrochemical biosensors for blood analysis in terms of ion detection, including
the sensitivity, specificity, and selectivity of biosensors, and their application in blood
detection. Finally, we also discuss the prospects and challenges of these biosensors
being converted into clinical application or commercialization.

3.2 Cu?* Detection

Copper ion (Cu?*) is the most important cofactors of metalloproteins and one of
the essential trace elements for organisms. It regulates the function of proteins and
produces many enzymes that are vital to life [15]. However, the excess or deficiency
of Cu?* will cause a disturbance in cellular homeostasis, leading to severe damage
to the central nervous system and diseases related to neurodegeneration (such as
Alzheimer’s disease and Wilson’s disease) [16]. In recent years, it has also been
found that elevated levels of Cu?* can lead to various types of human cancer and
infant liver damage. Therefore, it is urgent to develop convenient and specific ion
biosensors to detect Cu®* in environmental matrix and biological fluid sensitively.
So far, various materials and technologies have been developed to detect trace Cu?,
such as nanomaterials [17, 18], biomaterials [19], organic molecules [20], optical-
based instrument technology [21], and ICP-MS [22]. They have greatly improved
the ability to detect Cu?* in physiological fluids. However, these traditional methods
typically require a large number of samples, and accurate detection of Cu?* becomes
a huge challenge when the target quantity is limited and scarce.

Xia et al. described the application of the mixed structure of nanochannel and ion
channel for the first time in the unmarked, ultra-sensitive detection of Cu?* in blood
(Fig. 3.1) [23]. Using polyglutamic acid (PGA) as a probe, modification was carried
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out in a nanochannel array. In the presence of Cu?*, the nitrogen atom of PGA amide
group and the oxygen atom of free carboxyl group can combine with Cu* to form a
Cu?*-PGA chelate. The increase in the volume of chelated Cu?*-PGA, resulting in
different free mass transfer regions for ion transfer in the nanochannel. Therefore,
different ionic currents can be expected in the presence of Cu®*. The experimental
results showed that Cu?*-PGA chelation reached equilibrium within 800 s, and the
ion current decreased significantly with the increase of Cu?* concentration. The
reduced ion current indicates that the spatial potential resistance of ion transport
in the nanochannel increases. Surprisingly, this platform can successfully detect as
low as 3.37 x 10~!9 uM of ultra-low concentration Cu?*. In order to evaluate the
applicability of this method to detect Cu?* in real samples, after adding different
amounts of Cu?* in blood, the recovery rate of the measured values was 86—104%,

indicating that this method has strong anti-interference ability for the detection of
Cu?* in blood.

(a) _ Cu®
- . ? 0
J e
"3 cou + HN— » o _é_o\ -
Af——
"N -c—oH pH 2 —o”

(b) | 1

Ag/AgCl Ag/AgCl .08 04 00 04 08

Potential / V

Fig. 3.1 a Schematics of Cu?* detection principle. b I-V measuring device. ¢ I-V curve. The
scanning rate is 100 mV/s. The black line is the bare nanochannel array, the red line is PGA-
modified nanochannel array and the blue line is the addition of Cu”*. (Reprinted with permission
from Ref. [23]. Copyright 2017 American Chemical Society)
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3.3 Hg?* Detection

Mercury ion (Hg?*) is acommon pollutant and poses a serious threat to human health.
Because Hg?* is easy to accumulate in organisms, even at very small doses, Hg?*
may cause nerve injury, physiological, and respiratory failure, and induce gene poly-
morphism [24, 25]. In view of this, the development of trace level Hg?* detector is
crucial for sensitively and selectively detecting Hg?* pollution in seafood and water
resources. Similarly, high-sensitivity detection of Hg?* in blood is in urgent need
of a simple and fast sensor. Among the current detection methods [26-29], electro-
chemical biosensors have many outstanding advantages, such as high sensitivity, low
price, rapid response, easy field operation, and good anti-interference.

Xia et al. were inspired by the synergistic effect of biological nanopores,
designed a biomimetic solid-state nanochannel with hydrophobic coating on the
outer surface (None @ OSpydrophobic) and hydrophilic DNA probe on the inner wall
(DNA @IWHydrophitic) (Fig. 3.2) [30]. Hydrophilic DNA is the probe and Hg2+ is
the target. The experimental results indicated that the limit of detection (LOD) of
DNA @IWHydrophitic + None @OSyygrophobic Nanochannel was reaching 1 nM. The
reason for ultra-high sensitivity is attributed to the synergy: DNA@IWgydrophitic
induces a specific sensing target and None @ OSgydrophobic 1€ads to a decrease in the
effective diameter of nanochannels. To demonstrate the nanochannel is applicable in
complex samples, the concentration of Hg”* in serum was tested by gold standard
(ICP-MS) and nanochannel, respectively, and use MedCalc software for Deming
regression to evaluate the correlation between ICP-MS and nanochannel methods.
The slope of the curve is 1.093, indicating a good logical correlation between the two
methods. The output Hg?* concentrations measured by the two methods are similar,
indicating that the nanochannel can maintain sensitivity in complex samples, such
as serum.

3.4 Pb2* Detection

Lead ion (Pb*") is considered to be a systemic toxicant even at a low level. It is
related to a variety of health problems, including cardiovascular disease [31], and
intellectually deficits [32]. Children are more susceptible to lead poisoning than
adults. Considering the harm to the human body, the detection of Pb?>* becomes very
important, and it is urgent to detect trace Pb>* rapidly.

Feng et al. developed a multi-step in-situ preparation method of shape-controlled
silver nanoflower on a glassy carbon electrode (AgNF@GCE), and extended
AgNF@GCE to anodic stripping voltammetric analysis of Pb>* (Fig. 3.3) [33]. The
sensor does not need complex off-line sample pretreatment or labeling and has low
LOD (0.74 ppb Pb?*), good linearity. The relative standard deviation of 8 repeated
measurements of 50 ppb Pb** was 2.8%. The sensor is tolerable from the interfer-
ence of other metal ions such as Na*, K* Fe?*, Ni**, Mg?*, and Cu?**. When using
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Fig. 3.3 AgNF@GCE for Pb2 + analysis through the pre-concentration, stripping and calibration.
(Reprinted with the permission from Ref. [33]. Copyright 2020 Elsevier B.V.)

AgNF@GCE to detect Pb?* in serum, the recoveries of 50, 100, and 150 ppb Pb**
were calculated as 97.2%, 96%, and 96%, respectively. These results demonstrate
the applicability and reliability of AgNF@GCE detection Pb** in serum.

3.5 Simultaneous Detection of C1~, Na* and K*

Chloride ion (C17), Sodium ion (Na*) and potassium ion (K*) can maintain the
physiological function of acid-base balance, water metabolism, osmotic pressure,
and neuromuscular system in the body. Therefore, the metabolic function of human
body can be evaluated by measuring C1~, Na*, and K* [34, 35]. The concentrations
of Cl, Na*, and K* in normal serum are 98—-106 mM, 135-145 mM, and 3.5—
5 mM respectively. High concentration will cause hyperkalemia, hypernatremia, and
hyperchloremia, while low concentration will cause hypoxemia, hyponatremia, and
hypochloremia [36]. Their sensitive, precise, and simultaneous monitoring, could
allow early diagnosis of various physiological and pathological events, as well as
tracking medical outcomes for correct treatment interventions.

Wang et al. developed simple electrodes for rapid detection of Cl-, Na*,
and K* in serum [37]. A mixture of ion-selective membrane (ISM) and 7,7,8,8-
tetracyanoquinoline methane (TCNQ) was covered on a planar gold electrode to
form a solid-state ion selective electrode (ISE) for detecting Na* and K*. A planar
thin-film gold electrode was used to detect C1~. The linear detection range of Cl—,
Na*, and K* standard samples is 25-200 mM, 50-200 mM, and 2-10 mM, and the
recovery rate is 101%, 100%, and 96%, respectively. The interference experiments
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show that the electrode has good selectivity. In addition, the electrode has the char-
acteristics of low relative standard deviation, high detection sensitivity, and simple
process conditions. The linear detection range is applicable to the concentration of
Na*, K*, and Cl™ in serum.

3.6 Zn>* Detection

Zinc ion (Zn?*) are essential trace element for the normal function of various
enzymes, hormones and transcription-related factors [38]. Zinc homeostasis is neces-
sary for the normal function of the antioxidant system, insulin secretion/action, and
immune system. Studies on children and adults have shown that the Zn>* level of
severe patients is abnormally low, because inflammation and infection are related to
the reduction of serum Zn>* level. Zn?* supplementation may be a beneficial treat-
ment strategy for critically ill patients [39]. However, to make the strategy safely and
effective, it is necessary to continuously monitor the serum Zn>* level.

Compared with spectral methods, anodic stripping voltammetry (ASV) is a
promising method for the determination of trace metal ions. The analysis includes
a negative bias pre-concentration step, which reduces the target metal ions to metal
form, accumulates them on the electrode surface, and then carries out a positive
scanning dissolution step to oxidize the metal back to its ionic form. ASV is more
time-saving and cost-effective than spectral methods. It provides the LOD in the
nanomolar range, which is sufficient for clinical measurement. Skorb et al. prepared
an electrochemical sensing platform based on self-assembled polyelectrolyte multi-
layer film on the surface of carbon fiber (CF) electrode for detecting Zn** (Fig. 3.4)
[40]. The working electrode was modified by layer-by-layer assembly of poly(sodium
4-styrenesulfonate) (PSS) and polyethyleneimine (PEI) eliminating the toxicity of the
solution and providing a stable stripping voltammetric measurement. The reusable,
solid, stable, and sustainable Ag/AgCl reference electrode is composed of 32 PEI-
KCI/PSS-KCI bimolecular layers, which are adsorbed on CF/silver paste and sepa-
rated from the external solution through polyvinyl chloride (PVC) membrane. The
sensor interface based on polyelectrolyte can prevent the biological liquid from
adsorbing onto the protein molecules on the CF surface, thus improving the sensi-
tivity of Zn?* detection to 2.2 wA/M with the linear detection range of 1 x 10~ to
1 x 1073 M and the LOD of 4.6 x 10~® M. This method can accurately detect the
concentration of Zn>* in blood without digestion steps.
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3.7 Simultaneous Detection of Cu?*, Pb%*, Hg?**, and Cd**

Heavy metal ions play a vital role in the metabolic function of organisms at trace
concentrations and are considered fatal at higher concentrations. The physiological
standard concentration of Pb?* in human body is 50 ppb, and exceeding this concen-
tration will cause nervous system diseases such as low birth weight, hyperactivity
disorder, and inattention [41]. High concentrations of Cd** (normal physiological
concentration: 5 ppb) and Hg?* (normal physiological concentration: 0.2 ppb) in
blood will cause various cancers and directly harm the nervous system. Low concen-
trations of Cu?* (normal physiological range: 100 ppb to 150 ppb) may be related to
nutritional deficiency and kidney disease, while high concentrations above 150 ppb
may lead to liver diseases, such as rheumatoid arthritis, lymphoma, and reactive
thyroid leukemia [42].

Electrochemical analysis provides a low-cost platform for detecting heavy metal
ions in blood, and the necessity of simultaneous sensing has aroused great concern.
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Fig. 3.5 Heavy metal ions sensing mechanism of the ANC/GCE sensor. (Reprinted with the
permission from Ref. [43]. Copyright 2022 The Authors)

Badhulika et al. prepared Al,NiCoOs (ANC) nanoflakes for the simultaneous detec-
tion of Cu?*, Pb?*, Hg?*, and Cd** in serum (Fig. 3.5) [43]. Anodic stripping differ-
ential pulse voltammetry analysis showed that the ANC-modified glassy carbon elec-
trode (ANC/GCE) had good sensitivity, selectivity, and stability, and could simulta-
neously detect heavy metal ions. The redox pairs of Ni>*/Ni** and Co?*/Co** redox
couples and their surface oxygen functional groups enable ANC nanosheets to exhibit
high electrocatalytic performance. The LOD of the ANC/GCE sensor for Cd>*, Hg?*,
Cu?*, and Pb**is 0.00114 ppb, 0.00232 ppb, 0.00261 ppb, and 0.00154 ppb, which
is far below the hazard limit of the concentration of heavy metal ions in serum.

3.8 As** Detection

Arsenic ion (As*") has high toxicity, causing serious biological damage to human
beings [44]. As** can lead to kidney, liver and nervous system failure [45]. Among the
various oxidation states of arsenic, As** is the most toxic and stable [46]. Therefore,
monitoring the level of As>* in blood is very important for preventing As>* poisoning.
The World Health Organization (WHO) stipulates that the content of As** in blood



50 K. Zhang et al.

300 ppb

Current (pA)

0.05 ppb

0.4 0.2 0.0 0.2 0.4 0.6 o8

Bismuth Vanadium Potential (V) vs AglAgCl
e s
Acetate Chloride \_\
%& Electrodeposition /
of PANI e | A A A

PANI@BVO

Hydrothermal BVO/SPCE

Fig. 3.6 As>* sensing mechanism of PANI@BiVO4/SPCE. (Reprinted with the permission from
Ref. [47]. Copyright 2020 Elsevier B.V.)

should be less than 50 ppb. Therefore, a highly sensitive, selective, accurate, and
reliable technology used for detecting As** in blood is necessary.

Durai et al. reported a simple hydrothermal method to synthesize ultra-thin
bismuth vanadate (BiVO4) coated with polyaniline (PANI) by electrodeposition
on screen-printed carbon electrode (SPCE) for detecting trace As>* in biological
samples (Fig. 3.6) [47]. The sensor can detect As** by differential pulse anodic strip-
ping voltammetry (DPASV) technique with high sensitivity (6.06 wA/ppb/cm?) and
low LOD (0.0072 ppb) in the linear range of 0.01 to 300 ppb. The improvement of
the sensing ability can be attributed to the synergistic effect of BiVO, and PANI,
which provide high electrocatalytic active sites and high conductivity, respectively.
The sensor has significant selectivity for detecting As** in serum.

3.9 Crb Detection

Chromium (Cr) is a common heavy metal and is mainly present in two oxidized
states: Cr>* and Cr®* [48]. Cr** and Cr® can accumulate in human blood and tissues,
which is difficult to metabolize and clear [49]. Previous studies have shown that the
toxicity of Cr® is 1000 times that of Cr**, because Cr®* has high bioavailability and
solubility, and has toxic effects on skin, digestive system, and respiratory system
[50, 51]. Therefore, detecting the concentration of Cr%" in the blood has profound
significance for accurately determining the status of chromium poisoning [52].
Electrochemical method has the advantages of good stability, low cost, simple
operation, and fast response, making it an effective method for detecting Cr®* [53].
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However, it is well known that when the traditional electrode come into contact
with fibrin, platelets, whole blood, and blood cells, they will adhere to the surface
of the electrode to form a biological dirt layer, which hinders the electron transfer
between the probe and the electrode. Therefore, it is not easy to directly detect Cr%*
in blood using electrochemical method [54]. Mao et al. developed an efficient blood
compatible sensor capable of detecting Cr®* based on the magnetic glassy carbon
electrode (MGCE) modified by tannic, heparin, and PANI-modified Fe;O4 nanopar-
ticles (magnetic tannic modified adsorbent, MTA) (Fig. 3.7) [55]. PANI has the
advantages of special proton transfer mechanism, corrosion resistance, and low cost
[56]. The presence of imine functional groups and plentiful cationic amines enables
PANI to adsorb Cr% oxygen anion through electrostatic interaction. Due to the high
content of adjacent phenolic hydroxyl groups in tannin, the sensor has good chelating
affinity for Cr® [57]. The experimental results show that PANI/Hep/MTA/MGCE
has high sensitivity for Cr®" detection in the range of 10~/ to 10~* ppm, and the
LOD is 0.87 wM. In particular, the sensor not only shows excellent electrochemical
performance for the detection of Cr®, but also has good anti-biological pollution
characteristics due to the presence of heparin, providing a guarantee for the direct
detection of Cr®* in blood.
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Fig. 3.7 Schematics of the antifouling electrode for Cr®* detection. (Reprinted with the permission
from Ref. [55]. Copyright 2020 Elsevier B.V.)
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3.10 Ca?* Detection

Calcium ion (Ca®*) is essential in serum and living cells. Mitochondrial calcium
homeostasis plays a key role in the regulation of cell survival and aerobic metabolism
[58]. Coagulation, reduction of nerve and muscle excitability, and maintenance of
cardiac rhythm are related to Ca®* in serum. Therefore, it is important to know its
concentration.

Yang et al. proposed a simple method for preparing highly dispersed and small gold
nanoparticles (AuNPs) by pulse electrodeposition on glassy carbon electrodes [59].
The electrocatalytic activity of AuNPs can be controlled by changing the concen-
tration of HAuCl, and adjusting the number of potential pulses. Trace Ca’** was
determined by studying the absorption wave of alizarin red S (ARS) and Ca-ARS
complex on the electrode. In 0.1 M KOH solution, the LOD for the detection of Cat
in serum is 2.57 x 10~% M, and the recovery rate is between 91.8% and 103.4%.

3.11 Inorganic Phosphate Detection

Phosphate is a fundamental component of almost all living organisms. It is one of
the most commonly used electrolytes and participates in many important physiolog-
ical processes, such as blood pH regulation and ATP synthesis. Phosphorus in the
blood is usually present in the form of organic and inorganic phosphorus. Abnormal
blood phosphate concentration may be related to vitamin D deficiency, bone diseases,
Fanconi syndrome, hyperparathyroidism, and minerals [60]. Therefore, the determi-
nation of phosphate is very important for early screening of diseases in clinical
medicine.

The detection methods of phosphate in blood mainly include ion chromatography,
dye method, phosphomolybdic acid colorimetry, electrochemical method, and enzy-
matic method. Among them, electrochemical method has the advantages of low cost,
simple operation, automation, online measurement, and miniaturization [61]. The
reported electrochemical strategies for phosphate detection include enzyme elec-
trode, dissolution voltammetry, and potentiometric method based on ion-selective
electrode [62, 63]. Some strategies are to use the classical reaction of ammonium
molybdate and phosphate to detect the product phosphomolybdate, to achieve indirect
detection of phosphate, or to build an ion-selective electrode based on the interaction
of phosphate and molybdenum to achieve indirect detection of phosphate [64].

Lietal. found thatin the presence of phosphate, a phenomenon similar to “catalytic
hydrogen evolution wave” appeared on the molybdenum phosphide (MoP) modified
electrode, that is, a catalytic hydrogen evolution wave occurs before the normal
hydrogen evolution reaction [65]. The catalytic hydrogen wave is generated from
a structure similar to phosphomolybdic acid, which is formed by the interaction
of molybdenum oxide and phosphate on the surface of MoP-modified electrode,
resulting in the adjustment of interfacial catalytic activity and the change of surface
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Fig. 3.8 Schematics of phosphate detection based on a catalytic hydrogen wave at a molybdenum
phosphide modified electrode. (Reprinted with the permission from Ref. [65]. Copyright 2019
American Chemical Society)

structure (Fig. 3.8). They constructed a phosphate electrochemical sensor with a
linear range of 0.10 ~ 20.0 mmol/L, the LOD of 0.030 mmol/L and the recovery
rate of 94% ~ 107%. When this sensor is used to detect phosphate in blood, other
substances will not form significant reduction peaks that interfere with phosphate
detection.

3.12 Nitrite and Nitrate Detection

Nitric oxide (NO) is an important messenger molecule that regulates biological
processes, such as vasorelaxation, intercellular communication, and immune func-
tion [66]. Due to its short half-life and fast metabolism, NO is easily oxidized to
nitrite (NO, ™) and nitrate (NO37) [67]. NO,~ and NO3 ™~ act as endocrine reservoirs
to produce NO in tissues damaged by ischemia or hypoxia [68]. The concentration of
NO is usually determined by measuring the plasma concentration of NO, ™ and NO3 ™~
[69]. The concentration of NO, ™ and NO3 ™~ in blood are possibly altered in vasodila-
tion, physiological hypoxia signals, cellular response to ischemic stress, and cellular
respiratory regulation [70]. The detection of NO,™~ and NO3~ is very important in
human physiology, because it provides valuable information about bioavailability,
NO production, and prognosis of various diseases.

The electrochemical biosensors have been proven to be a practical advantage for
measuring NO,~ and NO;~, such as simple operation, low manufacturing cost, fast



54 K. Zhang et al.
NaR (Mo* N0y,
NaR (Ma* |x

SODHC?

SODI (C IX\U.

Fig. 3.9 Schematics of NaR-SOD1-CNT-PPy-Pt electrode for the simultaneous detection of NO, ™~
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response, real-time and high sensitivity. Karunakaran et al. developed a dual enzyme
biosensor using zinc superoxide dismutase (SOD1), copper, and nitrate reductase
(NaR) co-immobilized electrode for simultaneous determination of NO, ™ and NO3; ™~
(Fig. 3.9) [71]. The electrode surface is modified with polypyrrole (PPy) an ordered
conductive polymer chains, and also provides a porous substrate for the fixation of
SOD1 and NaR [72]. Carbon nanotubes (CNT) modify PPy matrix to form CNT-
PPy nanocomposite, which can obtain additional surface area to fix more SOD1
and NaR and can also be used as molecular wires to accelerate the electron transfer
between the active site and the bottom electrode, thus improving the sensitivity
of the biosensor. Using cellulose acetate (CA) membrane to eliminate interference
from other substances in biological samples. The experimental results show that the
electrocatalytic activity of SOD1 for NO, ™ oxidation is linear between 100 nM to
1 mM with a sensitivity of 98.5 £ 1.7 nA/uM/cm? and the LOD of 50 nM. The
co-immobilized NaR shows a linear NO3;~ detection from 500 nM to 10 mM with
an LOD of 200 nM and a sensitivity of 84.5 & 1.56 nA/pM/cm?. When measuring
NO;,™ and NO;3~ in blood, the two-enzyme biosensor shows good accuracy and
reproducibility, making it a clinical diagnostic tool for monitoring NO, ™ and NO;3 ™.

3.13 Blood Urea Nitrogen Detection

Blood urea nitrogen (BUN) in physiological fluids is an important biological indi-
cator for monitoring renal function. The BUN level of patients with renal failure is
high. Additionally, studies have shown that BUN levels are associated with heart
failure [73, 74]. The standard method for determining the BUN concentration is the
enzymatic ultraviolet absorption method. This method is clear and simple, but it is
limited by the large amount of samples required and the limited detectable linear
range.

Urea is difficult to detect using electrochemical methods due to the electrochem-
ical inertness of uric acid. One strategy is to convert urea into ammonium ions
in the presence of urease, and ammonium ion has electrochemical activity and is
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easy to detect. Yang et al. developed a thread-based microfluidic device with three-
dimensional (3D) electrode and variable volume injection capability for the detection
of BUN in blood by capillary electrophoresis electrochemistry (CE-EC) (Fig. 3.10)
[75]. After mixing urea with urease, the marked redox peak confirms that urea can be
electrochemically detected on the polyester line. The experimental results indicate
that the sensor has an excellent linear response to detect urea in the range of 0.1—
10.0 mM, which is sufficient to detect BUN in actual samples (1.78-7.12 mM). The
sensor has the advantages of low cost, fast detection, one-time but high performance,
and can be used to detect BUN in blood.

3.14 Conclusion

The detection of ions in blood by electrochemical biosensors has become an emerging
technology in personalized medicine, because they can be directly used for the anal-
ysis of clinical samples, and have the advantages of rapid detection, good accuracy,
requiring minimal sample volume, no sample pretreatment and good stability as
compared with the traditional methods. Electrochemical methods such as square
wave voltammetry, electrochemical impedance spectroscopy, cyclic voltammetry,
differential pulse voltammetry, and current analysis have been used for ions detection.
The application of nanomaterials in biosensors provides an opportunity to establish
a new generation of biosensor technology and is developing toward single molecule
biosensors with high sensitivity, high accuracy, and high throughput biosensor arrays.

However, electrochemical biosensors still have some challenges that require
further efforts to achieve clinical applications, such as sample preparation, micro-/
nanofluidics platform, sensitivity, specificity, dynamic range, rapid turnaround time,
multiplexing, continuous monitoring, need to transport samples to the electrode
surface, analyte loss, reproducibility, and calibration. Future studies may focus on
developing polymer biosensors. Because the electrosynthesis of polymer nanowires
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or nanotubes significantly improves the sensing performance of conductive poly-
mers, electrodeposition of polymer nanostructures is another promising method in the
future. Electrochemical biosensors are helping to integrate electronics with biology.
Biosensors are becoming more efficient, more economical, and smaller. Electro-
chemical biosensors will revolutionize the fields of food safety, healthcare, defense,
and diagnosis in the future.
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Chapter 4 ®)
Electrochemical Biosensors Check for
for Neurotransmitters Detection

Qitao Zhou, Jing Pan, Hui Li, Shaoguang Li, and Fan Xia

Abstract Neurotransmitters (NTs) are related to various brain functions. Further-
more, abnormal NT levels are implicated in many psychotic, physical, and neurode-
generative diseases, including schizophrenia, depression, dementia, Parkinson’s
disease, Alzheimer’s disease, Huntington’s disease, and so on. Thus, their highly
sensitive and selective detection possesses great clinical significance. Among all
the existing monitoring means for NTs, the electrochemical method is one of the
most promising, considering its simple, low cost, and fast analysis process. Herein,
the recent advances in electrochemical NT biosensors are introduced. Five typical
NTs are successively discussed, including epinephrine, dopamine, norepinephrine,
y-aminobutyric acid, and serotonin. The challenges and solutions for the electro-
chemical detection of single NT and simultaneous detection of multi-NTs are also
investigated. Finally, the outlook of future electrochemical NT sensors is illustrated.

Keywords Electrochemical biosensors * neurotransmitters + epinephrine -
dopamine * norepinephrine - y-aminobutyric acid + serotonin

4.1 Introduction

Neurotransmitters (NTs), which are endogenous chemical messengers between
neurons, are of great importance for brain function and related diseases diagnosis.
The first known NT (acetylcholine) was discovered in the 1921s by Nobel laureate,
Otto Loewi [1]. Until now, more than one hundred NTs have been reported and
they can be classified based on the molecular species (Fig. 4.1) [2]. The amino acids’
NTs include glutamic acid, glycine, gamma-aminobutyric acid, and tyrosine [3]. The
NTs belonging to amines contain dopamine, serotonin, epinephrine, nor-epinephrine,
histamine, and acetylcholine. Besides, there are many NTs that are soluble gases,
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Fig. 4.1 The classification and illustration of NTs as well as the related diseases

such as nitric oxide (NO) and hydrogen sulfide (H,S). It needs to be mentioned that,
there still many NTs are beyond these three kinds, for example, acetylcholine and
choline.

NTs establish the human brain—body integration. They affect and control heart
rate and muscle tone, as well as adjustment of learning, sleeping, memory, conscious-
ness, mood, and appetite. Changes in the concentration of NTs in the central nervous
system have been correlated with numerous psychotic, neurodegenerative diseases,
and physical illnesses. Different NTs would affect different brain function and their
deregulation could result in different disorders. For example, biogenic amine NTs
could regulate many physiological processes, including sleep and blood pressure
regulation. Thus, their abnormalities could lead to various neurological neuropsy-
chiatric disorders, such as neural degeneration, cognitive dysfunction, Alzheimer’s,
Parkinson’s and schizophrenia (Fig. 4.1) [3]. Amino acids are the basic compo-
nent of some peptides as well as some proteins and play important roles in the
metabolization of other components [2]. The deregulation of amino acids NTs has a
close relationship with various neuropsychiatric disorders, such as autism, affective
disorder, anxiety, depression, obsessive—compulsive disorder, and addiction. While,
the gaseous NTs NO and H,S are strong relaxants for the gastrointestinal smooth
muscles and physiologic vasorelaxants, respectively [2].

In consequence, the accurate detection of the NT's in human blood is significant to
the early diagnosis, state monitoring, and prognosis for the related diseases. Among
all the methods for NTs determination, the electrochemical biosensor is one of the
most promising on account of its simple, low cost, and fast analysis process. In addi-
tion, the high selectivity can be ensured by employing the proper recognition part
of the electrochemical sensor and could be beneficial to the detection of biogenic
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amines, which are very similar and hard to be distinguished. Taking these into consid-
eration, this chapter discusses the recent advances of electrochemical NT biosensors
associated with not only single NT (five typical NTs) detection but also simultaneous
detection for multi-NTs.

4.2 Electrochemical Biosensors for Mono-NTS
4.2.1 Epinephrine (EP)

Epinephrine (EP), which is a hormone also called adrenaline, can enhance cardiac
output and increase blood glucose concentration. Normally, the blood EP is at the
nanomolar level. The abnormal EP concentration could impact the regulation of heart
rate, glycogen metabolism, lipolysis, blood pressure and the immune system [4]. Its
persistent abnormality could bring a series of diseases, including cerebral malaises,
schizophrenia, and Parkinsonism [5]. Besides, the blood EP concentration can be
artificially controlled for immediate control of bleeding or the treatment of some
diseases, such as allergies, emphysema, bronchitis, and bronchial asthma. Consid-
ering the misuse of EP in sports to improve athletes’ performance, the detection of
blood EP concentration is also significant in sports fields. Thus, building an electro-
chemical EP sensor with high selectivity and sensitivity has a wide application value
[6].

However, there are challenges for EP determination by electrochemical biosen-
sors. The sluggish electrode kinetics of the redox reaction of EP on traditional elec-
trodes lead to high overpotential as well as poor electrocatalytic activity [7]. Addi-
tionally, the electrochemical signals of some coexistent interferences would overlap
with the EP signal. The most commonly used method to resolve the challenges is to
design nanostructured electrodes. Compared with the corresponding bulk electrodes,
nanostructured electrodes usually display better electrocatalytic performance toward
EP electrooxidation and a lower limit of detection (LOD) for EP detection [3]. For
instance, Sulka prepared a highly ordered nanoporous Au electrode (Fig. 4.2A) and
realized the EP detection with a low LOD of 2.42 x 107 M as well as a linear detec-
tion range of 20-100 wM [8]. Fei et al. synthesized ordered mesoporous carbon/
nickel oxide nanocomposite and built EP electrochemical sensor with a wide linear
detection range of 8.0 x 1077 —5.0 x 107> M and a low LOD of 8.5 x 1078 M [9].
Furthermore, this sensor exhibits excellent selectivity at the interference of uric acid
and achieve successful detection of EP in spiked human blood.

In addition, using the proper recognition part could further enhance the selectivity
and sensitivity of the electrochemical EP sensor. For example, molecularly imprinted
polymers (MIPs) could realize high selective and stable recognition toward the target.
Considering this, Zhou et al. utilized 3D MIP arrays, which were built on the surface
of ZnO nanorod arrays, to synthesize an electrochemical EP sensor [10]. On account
of the high exposure and large specific surface area, the 3D MIP arrays exhibit
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excellent accessibility to the analyte and result in efficient signal as well as high
sensitivity. Based on the differential pulse voltammetry method, two linear dynamic
ranges (1-10 M and 10-800 M) can be achieved by this electrochemical EP sensor.

4.2.2 Dopamine (DA)

DA is a kind of neuromodulator, which can modulate the other NTs’ function by
means of volume transmission [11]. It plays an important role in metabolism, central
nerve function, endocrine function, plasma glucose levels, neuronal elasticity, neuro-
immune, and emotions regulation. The abnormal DA concentration could generate
neuro-immune system dysfunctions [12].

However, the DA detection by electrochemical method is challenging for actual
samples, considering the high concentrations of electroactive interfering substances
(uric acid, ascorbic acid, and so on) [13]. Just like electrochemical EP sensor, the
electrochemical EP sensors often use modified working electrodes to improve the
detection performance [14]. Furthermore, the interaction between the functional
materials and the supporting electrode could impact the DA detection result. For
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instance, employing screen-printed graphitic electrode (SPE) as supporting mate-
rial, the 2D hexagonal boron nitride (2D-hBN) nanosheets (Fig. 4.3A-B) modifica-
tion could obtain reduced DA electrochemical oxidation potential by ~90 mV [15].
While, when the supporting material is replaced by a glassy carbon electrode, the
same modification would result in a completely different result and the DA oxidation
potential can be increased by ~80 mV. Using 2D-hBN modified SPE, the LOD of
0.65 uM for DA can be realized in the presence of uric acid.

Considering the advantage of low blood consumption for clinic application, the
sample volume is also important for the detection of markers in the blood. Recently,
microfluidic device, which can reduce the sample consumption compared with tradi-
tional electrochemical devices, has attracted lots of attention to DA detection. For
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Fig. 4.3 A TEM image and B Raman spectra of the 2D-hBN nanosheets, which can be used for
DA electrochemical detection [15]. C An electrochemical DA sensor based on a microfluidic device
[16]
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instance, Senel et al. fabricated an electrochemical DA sensor based on a microflu-
idic device (Fig. 4.3C) [16]. This kind of electrochemical sensor can operate within
the DA concentration range of 0.1-1000 nM with only ~2.4 WL sample volume.
Besides, the changes of DA concentrations in plasma and cerebrospinal fluid of a
Parkinson’s disease mouse model as well as the following treatment based on drug
L-3, 4-dihydroxyphenylalanine can be monitored.

4.2.3 Norepinephrine (NEP)

NEP, which is also called noradrenaline, is a metabotropic NT secreted by the adrenal
medulla. Abnormal NEP may result in many diseases, including neuroblastoma,
ganglion neuronal, coronary heart disease, paraganglioma, Parkinson’ disease, and
multiple sclerosis. The addition of NEP in blood within the proper concentration
range can increase blood pressure, and raises heart rate and blood sugar levels, just
like the function of EP [17]. Besides, it can help to treat organic heart disease, myocar-
dial infarction hypertension, and bronchial asthma. Therefore, the development of a
quantitative determination method for NEP in the blood is necessary [18].

FeMoO, possesses a bimetallic character and can form Fe (II)-dioxygen
complexes, which can help the catalytic oxidation of NEP, thus can be used as a
functional material for NEP electrochemical detection [19]. Specifically, employing
FeMoOy4 nanorods to NEP electrochemical sensor, the LOD and detection range can
be achieved as 3.7 x 107 M and 5.0 x 1078 M - 2.0 x 10~* M, respectively [19].

Besides the specific compound, the 1D structure of the nanorod can benefit the
electron transport of the electrode and obtain better NEP detection performance. A
similar phenomenon is also found in MoO3; nanowires and a low LOD of 0.11 pM
is displayed for NEP detection (Fig. 4.4A) [20]. In addition, MIPs can be used
to enhance the binding capacity of the electrochemical sensors for NEP, thus, the
selectivity, current response, and response time can be simultaneously improved. For
instance, the electrochemical sensor based on MIP-coated palladium nanoparticles
(Fig. 4.4B) exhibits a wide linear range of 0.5-80.0 WM and a low LOD of 0.1 uM
for NEP detection [21].

4.2.4 TI'-Aminobutyric Acid (GABA)

GABA is a predominantly inhibitory NT within the central nervous system [22]. Its
normal secretion can regulate the development, migration, proliferation, as well as
differentiation of neurons. While, abnormal GABA levels would bring a variety of
neurological disorders, including epilepsy, Huntington’s, and Parkinson’s, diseases
[18]. Thus, the detection of GABA concentration has clinical significance. However,
it is difficult to quantify GABA by electrochemical methods on account of its
nonredox-active nature [23]. In consequence, proper recognition part of the sensor
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Fig. 4.4 A Illustration and detection performance of electrochemical NEP sensor based on MoO3
nanowires [20]. B The preparation and detection process of electrochemical NEP sensor based on
MIP-coated PANPs [21]

or recognition method should be designed for electrochemical GABA sensors. For
example, electrochemical active compounds can be formed by some materials, which
can interact with GABA. Said et al. utilized a mixture of an alkylthiol reagent and
orthophthalaldehyde to interact with GABA and formed an electrochemical GABA
sensor. As a result, a wide detection range of 250 nmol L~'-100 wmol L~! and low
LOD of 98 nmol L~! can be achieved for GABA detection. In addition, the sensor
exhibits the capability to detect GABA or a mixture of GABA and Glutamate in
complex solutions, such as human serum and urine [24].

Another method is using enzymes to form a secondary electroactive product
(for instance, hydrogen peroxide, H,O,) by selective oxidization of GABA [25].
Nevertheless, this method requires a complex pretreatment process and externally
applied reagents, which is not suitable for continuous and real-time GABA moni-
toring. To resolve this problem, Arumugam et al. built a microbiosensor microarray
to achieve continuous ex-vivo GABA measurement in brain slices (Fig. 4.5A) [26].
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This microarray is fabricated by a glutamate (Glu) microbiosensor and a GABA
microbiosensor. A-ketoglutarate can be generated from the Glu oxidation reaction
at the Glu microbiosensor and help to realize the detection of GABA. In this way,
simultaneous measuring of GABA can be obtained without the addition of external
reagents. As a result, a very high sensitivity of 36 £ 2.5 pA mM~! cm~2 and a low
LOD of 2 + 0.12 mM were exhibited.

Furthermore, many novel devices or electrodes have been developed for GABA
detection. For instance, the interface between two immiscible electrolyte solutions
(ITIES) supported on the orifice of a pipet has been utilized as a powerful platform for
GABA detection very recently (Fig. 4.5B) [27]. The detection mechanism with pipet
ITIES electrodes is derived from the potential-driven ion transfer, which depends
on the structure of the analyte [28]. Thus, it can directly detect nonredox active
species (for example, GABA) without electrode modification. For GABA detection,
the calculated LOD can be as low as 22.4 pM at pH =~ 7 [27].
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Fig. 4.5 A The optical image of the probe of microbiosensor microarray for continuous ex-vivo
GABA measurement in brain slices [26]. B The detection mechanism and detection performance
of ITIES pipet electrode-based electrochemical GABA sensor [27]
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4.2.5 Serotonin (ST)

Serotonin (ST), which is also called 5-hydroxytryptamine, plays important roles in a
series of human body functions, including emotions, appetite, and autonomic func-
tions [29]. The detection of ST in body fluids (whole blood, serum, urine, and cere-
brospinal fluid) is of great importance because it is the biomarker of several diseases,
such as anxiety, depressive disorders, irritable bowel, carcinoid tumors, diabetes, and
sleep trouble [30]. In consideration of low concentration and the presence of inter-
fering biological substances in the actual sample, accurate electrochemical determi-
nation of ST is almost impossible for bare working electrodes, and surface modifi-
cation is necessary [31]. For instance, an electrochemical sensor based on graphene
oxide (GO) and chitosan has been established for ST detection (Fig. 4.6A) [32]. The
use of GO can help the immobilization of antibodies by covalent bonding. While
the addition of chitosan is crucial to the nanomaterial film’s stability. The fabricated
sensor exhibits a low LOD of 3.2 nM and a detection range of 10 nM-100 wM.
In addition, it can selectively detect ST in human serum, artificial tears, urine, and
saliva samples as well as in the presence of different interferences. Similarly, Au
nanorattles can work with reduced GO and achieve ST detection with LOD of 3.87
(£0.02) x 107 (RSD < 4.2%) M [33]. This kind of sensor also shows its clinical
applicability and can be applied to monitor ST in a variety of real samples, including
blood serum, and urine.

Considering that the real-time monitoring of ST could provide more detailed
information, the in-vivo electrochemical ST sensors become one of the research
hotspots recently. For example, Bao et al. fabricated a NeuroString sensor, which
is constructed by a metal-complexed polyimide in a graphene/nanoparticle skeleton
embedded in an elastomer (Fig. 4.6B) [34]. The prepared stretchable neurochemical
biological interface endows the NeuroString sensor with the capacity to in-vivo and
real-time monitor in the brain of a behaving mouse and dynamically detect ST in the
gut without perturbing peristaltic movements and undesired stimulations.

It needs to be mentioned that besides traditional electrochemical ST sensors,
other kinds of electrochemical devices have also been developed for ST detection
and obtained outstanding performance. For example, field-effect transistors [35].

The performance of the existing electrochemical NTs biosensors can be referred
to Table 4.1.

4.3 Simultaneous Detection of Multi-NTs

With respect to mono-biomarker detection, the simultaneous detection of multi-
biomarkers could realize more accurate diagnosis with lower cost and shorter detec-
tion time [36]. While some NTs could interfere with each other during electrochem-
ical sensing. For instance, DA, EP, and NEP are all catecholamines NTs and have
very similar structures [37, 38]. As a result, the simultaneous determination of them
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Fig. 4.6 A The preparation and detection process of the electrochemical ST sensor based on GO
and chitosan [32]. B The schematic of the NeuroString sensor for in-vivo ST detection [34]

in real samples with high selectivity is of great difficulty. On the other hand, cate-
cholamines NTs play important roles in many biological functions and have a close
relationship with various diseases, including Alzheimer’s and Parkinson’s. In addi-
tion, the concentration of catecholamines NTs is an indicator of some reward-related
behaviors related to drink, food, and drug addiction [39]. Therefore, electrochem-
ical biosensors, which can realize simultaneous and highly selective detection of
catecholamines NTs, have clinical significance. Recently, Si et al. employed MIPs
as a recognition part of the biosensor to enhance the selectivity for catecholamines
NTs (Fig. 4.7A). Furthermore, the MIPs-based array has been built to achieve multi-
catecholamines NTs detection [38]. Besides. nanomaterials could be been employed
torealize the effective detection of catecholamines NTs [40]. For instance, the electro-
chemical biosensor based on nanoporous gold microneedle could realize the highly
sensitive and stable detection of catecholamines NTs in interstitial fluid [41]. The
LOD for NEP detection could be as low as 100 nM and the response time can be
lower than 4 s.
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Table 4.1 The performance of the existing electrochemical biosensors for mono-NTs detection

multiple neurotransmitters,

NTs LOD Detection range References
EP 242 x 10°M 20-100 puM [81]

8.5 x 108 M 8.0 x 107 -5.0 x 10° M 9]

- 1-10 M; 10-800 M [10]
DA 0.65 uM - [15]

- 0.1-1000 nM [16]
NEP |37 x 10-9M 50x 108 -2.0x 10* M [19]

0.11 uM - [20]

0.1 pM 0.5-80.0 pM [21]
GABA |98 nmol L™! 250 nmol L™! = 100 pmol L™! | [24]

2+0.12mM 36 £2.5pAmM~! cm™2 [26]

22.4 uM - [27]
ST 3.2nM 10 nM-100 pM [32]

3.87 (£0.02) x 10-7 (RSD <4.2%) |- [33]
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Fig.4.7 A The illustration of the working principle of the MIPs-based sensor for multi-
catecholamines NTs detection [38]. B The overall analysis procedures of the TcM-based method
for the quantitative determination of NTs [42]

Besides catecholamines NTs, the simultaneous detection of other NTs in blood-
related samples has also been realized. For example, DA, EP, NE, and ST in human
blood serum can be detected by an electrochemical sensor based on GO modified
electrode [42]. Although the four NTs exhibit overlapped voltammetric signals when
employing DPV measurement, the Tchebichef curve moments (TcM) calculated
from the voltammogram results can contribute to the quantitative determination of
the NTs (Fig. 4.7B). The results suggest LOD for DA, EP, NEP, and ST as 74 nM,
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104 nM, 84 nM, and 97 nM, respectively. In actual samples, NTs may also coexist
with other biomarkers. A flexible electrochemical film sensor built by PEDOT-titania-
poly(dimethylsiloxane) realized the simultaneous detection of EP, DA, ascorbic acid,
and uric acid with a sensitivity of 63 wA mM~' cm~2 [43]. Being lightweight, flexible,
and portable, this kind of sensor exhibits the potential to be applied in wearable and
implantable devices.

4.4 Conclusion and Outlook

The NT levels in human blood can be important indexes for many neurological
diseases. Electrochemical NTs biosensor, which has rapid response time, low cost,
and high sensitivity, is promising for clinical applications. Until now, there are great
signs of progress made for electrochemical NTs biosensors. Five typical NTs (EP,
DA, NEP, GABA, and ST) exhibit different properties and the development of corre-
sponding electrochemical sensors should resolve different challenges. For example,
EP, which can enhance the cardiac output and increase blood glucose concentration,
has sluggish electrode kinetics of the corresponding redox reaction on traditional
electrodes. The most commonly used method to resolve the challenges is to design
nanostructured electrodes. Similar to EP, NEP is a metabotropic NT secreted by the
adrenal medulla. The addition of NEP in blood within the proper concentration range
can increase blood pressure. Some specific compounds and 1D nanomaterials could
benefit to the NEP detection. DA is a kind of neuromodulator, whose actual samples
usually exhibit high concentrations of electroactive interfering substances (uric acid,
ascorbic acid, and so on). Utilizing optimized interaction between the functional
materials and the supporting electrode would be an effective way to improve the
electrochemical detection performance of DA. GABA is a predominantly inhibitory
NT within the central nervous system, which is difficult to be quantified by electro-
chemical methods on account of its nonredox-active nature. In consequence, proper
recognition part of the sensor or recognition method should be designed for elec-
trochemical GABA sensors. ST plays important roles in a series of human body
functions, including emotions, appetite, and autonomic functions. In consideration
of low concentration and presence of interfering biological substances in the actual
sample, accurate electrochemical determination of ST is almost impossible for bare
working electrodes, and surface modification is necessary. Compared with electro-
chemical detection of single NT, simultaneous detection of multi-NTs could realize
more accurate diagnosis but it is much more difficult to achieve. For instance, DA, EP,
and NEP are all catecholamines NTs and have very similar structures. Their charac-
teristic signals could interfere with each other during electrochemical sensing. This
challenge can be also resolved by the use of the proper recognition part of the sensor.

Although there are abundant electrochemical NT sensors have been developed,
some challenges still be unresolved. The highly selective, highly sensitive, rapid,
portable, small sample volume consumed and simultaneous detection of multi-NTs
still need to be realized. In addition, the unsatisfactory stability still limits the practical



4 Electrochemical Biosensors for Neurotransmitters Detection 73

application of electrochemical sensors, especially those based on enzymes. Besides,
although nanostructures have been widely used to enhance the detection performance
of electrochemical NT sensors, the detailed mechanism is unclear and accuracy
control is hard to achieve. Thus, the theoretical calculation and in-situ techniques
should be employed for these sensors to deeply analysis the related mechanism.
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Chapter 5 ®)
Electrochemical Biosensors Geda
for Metabolites Detection

Jiafu Shen, Yu Dai, and Fan Xia

Abstract Metabolites, including intermediate and final products in metabolic path-
ways, play a crucial role in physiology activities. The detection of metabolites in the
blood is very important for preventing disease and understanding health status. The
electrochemical biosensors are an effective method to realize highly sensitive and
specific detection of metabolites. In this chapter, we focus on the electrochemical
detection of metabolites in blood, including glucose, urea, uric acid, bilirubin, choles-
terol, lactic acid, creatinine, galactose, triglyceride, and hydrogen peroxide. From the
perspective of different metabolites, the innovation of electrochemical biosensors for
detecting them is discussed. We hope to provide ideas for the detection of metabolites
in the blood through this Chapter and point out the important role of the detection of
metabolites in human health.

Keywords Biosensors * Electrochemical detection * Electrodes - Nanomaterials -
Blood + Serum - Metabolites + Glucose + Urea * Uric acid - Bilirubin - Cholesterol -
Lactic acid - Creatinine + Galactose - Triglyceride + Hydrogen peroxide

5.1 Introduction

Biological fluids such as blood, saliva, tears, urine, and sweat have been used for
human health diagnosis. For example, strictly controlling the glucose level in the
human body can greatly reduce the incidence rate of diabetes. As a representative
biological fluid, blood is widely used because of its safe and reliable characteristics.
There are some metabolites in the blood such as glucose, urea, uric acid, bilirubin,
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cholesterol, lactic acid, creatinine, galactose, triglyceride, and hydrogen peroxide.
These metabolites can be used as biomarkers based on the correlation between their
content and human physiological status. Therefore, how to detect these metabolites
quickly and accurately has attracted widespread attention.

Biosensors can convert biometric signals into physical/chemical signals. They
are used to identify biomolecules for health detection. Based on different signal
conversion processes, existing biosensors can be divided into mechanical sensors,
optical sensors, electrochemical sensors, acoustic sensors, and magnetic sensors [1].
Compared with other sensors, electrochemical biosensors have been widely studied
because of their small size, high sensitivity, good specificity, long life, simplicity and
convenience [2]. Electrochemical biosensors can be divided into enzyme biosensors
and non-enzyme biosensors according to whether they contain specific enzymes.
Electrochemical biosensors mainly consist of three parts: mechanical support mate-
rials, specific biological receptors that capture target and active materials that convert
biological signals into electrical signals [3].

In recent years, conductive polymers, redox media, nanoparticles, and nanocom-
posites have been used to modify electrodes in electrochemical biosensors to improve
detection performance. Among them, nanomaterials are favored because of their
controllable morphology, large surface area, and excellent electrocatalytic perfor-
mance [4]. Some nanomaterials can also directly catalyze biomaterials [5]. The
combination of biomaterials and nanoelements can increase the load of biomate-
rials and make them become specific labels of physiological targets [6]. It can also
improve the electronic transfer ability to amplify the electrical signal.

In this Chapter, we focus on the electrochemical detection of metabolites in blood,
including glucose, urea, uric acid, bilirubin, cholesterol, lactic acid, creatinine, galac-
tose, triglyceride, and hydrogen peroxide (Fig. 5.1). The background of metabolites
in the blood is introduced and the detection of metabolites by electrochemical biosen-
sors is described. It is hoped that this Chapter can bring new insights and thinking to
the electrochemical detection of metabolites in blood.

5.1.1 Biosensors for Blood Metabolites Detection

The detection performance of electrochemical biosensors for various blood metabo-
lites mainly depends on electrode materials. Unmodified electrodes typically exhibit
low sensitivity and specificity. By introducing nanomaterials with large surface area
and good conductivity into electrode materials, their electrical activity and sensi-
tivity can be significantly improved. In addition, all modified electrodes belong to
enzyme-based or non-enzymatic electrochemical biosensors. Each of them has its
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own advantages and disadvantages, such as the relatively high specificity and anti-
interference of enzyme-based sensors, and the better sensitivity and stability of non-
enzymatic-based sensors. The detection performances of electrochemical biosensors
for metabolites in blood have been summarized in Table 5.1.

5.1.2 Glucose Detection

As one of the important metabolites in blood, glucose reflects people’s health. The
glucose concentration of healthy people ranges from 3.6 to 7.5 mM [17]. The increase
in glucose concentration often leads to many diseases, such as stroke, cardiovascular
disease, retinal damage, and renal failure [18]. Therefore, early detection of glucose
concentration in the human body is of great significance to avoid some complications.
Since Clark and Lyons proposed the glucose biosensor in 1962 [19], electrochem-
ical, thermoelectric, colorimetric, and piezoelectric methods have been widely used
for glucose detection [20]. Among these methods, electrochemical biosensors have
become one of the most popular methods because of their simple manufacturing
process, low cost, and outstanding performance. There are two kinds of electro-
chemical biosensors for glucose detection: enzyme glucose biosensors and non-
enzyme glucose biosensors. The development of enzyme glucose biosensors has
experienced three generations [21]. For the first and second-generation biosensors,
the interference of coexisting electroactive substances (e.g., ascorbic acid, uric acid,
acetaminophen) and the lack of oxygen may affect the accuracy of glucose detec-
tion. The third-generation enzyme glucose biosensor mainly eliminates the artifi-
cial leaching medium through the direct electron transfer of the redox center of the
enzyme from glucose to the electrode, and realizes the operation near the redox poten-
tial window of the enzyme. Although this biosensor has improved compared with
the previous two generations, it is still in the research stage. The main challenge is
that the redox center is wrapped by a thick insulating protein shell, which hinders the
effective electron transfer to the electrode surface [22]. Although the enzyme glucose
biosensors have good selectivity, their repeatability, high cost, and the risk of enzyme
inactivation always exist. Non-enzyme glucose biosensors can avoid these prob-
lems. In order to manufacture non-enzymatic electrochemical biosensors for glucose
detection, researchers have made great efforts to develop new electrode materials.
Because the performance of biosensors mainly depends on the shape of electrode
materials, various nanomaterials are used to prepare non-enzyme biosensors. It is
generally composed of carbon-based components (e.g., carbon paper, carbon fiber,
glassy carbon) and nanomaterials (e.g., noble metals, metal oxides, metal hydrox-
ides) [23]. Carbon-based modules provide good conductivity, mechanical elasticity,
and biocompatibility, while nanomaterials provide significant catalytic activity and
glucose tolerance.

Khosla et al. synthesized CuO nanoleaf by low-temperature hydrothermal method
and then used the nanoleaf to prepare an electrochemical non-enzyme glucose
biosensor (Fig. 5.2a) [7]. Field emission scanning electron microscopy (FESEM)
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shows that the morphology of CuO presents a nanoleaf shape and uniform distri-
bution (Fig. 5.2b). X-ray diffraction (XRD) shows that CuO is a monoclinic struc-
ture, without diffraction peaks and impurity peaks of other phases (Fig. 5.2¢). The
characteristic peaks at 421, 521, and 598 cm~! in Fourier transform infrared spec-
troscopy (FTIR) spectrum further proves the formation of a monoclinic CuO structure
(Fig. 5.2d). Bare glassy carbon electrode (GCE) and CuO/GCE do not show redox
reaction without glucose (Fig. 5.2e). When glucose is added, CuO/GCE shows an
obvious redox peak (Fig. 5.2f). The biosensor exhibits good anti-interference perfor-
mance without significant changes when adding interfering substances (Fig. 5.2g).
Although non-enzyme glucose biosensors have made great progress in the past
decade, there are still some problems. The selectivity is poor because the sensing
interface cannot selectively identify the substrate. The test environment is often an
alkaline solution rather than a physiological condition. The research focuses on the
preparation of nanomaterials, and pays less attention to glucose detection.
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Fig. 5.2 Glucose detection (Reprinted with permission from Ref. [7]. Copyright 2021 The
Authors). a Schematic diagram of CuO nanoleaf preparation. b FESEM image of CuO nanoleaf.
¢ XRD spectrum of CuO nanoleaf. d FTIR spectrum of nanoleaf. e CV diagram of bare GCE
and CuO nanoleaf modified GCE in buffer without glucose. f CV diagram of bare GCE and CuO
nanoleaf modified GCE in buffer with glucose. g Anti-interference performance of CuO nanoleaf
modified GCE
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5.1.3 Urea Detection

Urea is a compound containing nitrogen, which widely exists in organisms. The urea
content in human plasma is generally 3.3—6.7 mM [24]. Increased urea content in
the body often leads to uremia and some nerve damage [25]. Low levels of urea
can also cause some renal and liver failure. Therefore, it is necessary to detect urea
quickly, simply and sensitively. Electrochemical, colorimetric, fluorescence, surface
plasmon resonance, and chemiluminescence methods can be used to detect urea.
Electrochemical biosensors are widely used to detect urea in blood because of their
simplicity, economy, and high efficiency.

In the process of electrochemical detection, there will be an interaction between
urease and urea, which will cause electron transfer to generate electrochemical signals
[26]. In traditional electrochemical biosensors, the instability of enzymes on the elec-
trode often leads to inaccurate detection and short service life. In recent years, some
materials such as clay, zeolite, gel, polymer, and nanocomposite have been widely
used in urea biosensors [27]. Sarkar et al. reported an electrochemical biosensor
whose working electrode was modified by conductive hydrogel [28]. The conduc-
tive hydrogel is composed of polyaniline, polyacrylamide, and polyvinyl alcohol.
Due to good conductivity and high enzyme loading, the biosensor shows a detec-
tion line of 60 nM and a sensitivity of 878 wA mM~! cm™2 in urea detection.
For urea detection, nanomaterials have great attraction due to their high chemical
stability, unique structure, and large specific surface area [29]. Selective biomolecules
(e.g., enzymes) can be combined with nanomaterials through adsorption, covalent
attachment, or entrapment. Uygun et al. prepared a highly stable urea biosensor by
using poly(2-hydroxyethyl methacrylate-glycidyl methacrylate) nanoparticles as the
carrier to covalently immobilize the urease [30]. The results show that the biosensor
has good performance in detecting urea in serum. This is mainly due to the rapid
catalytic oxidation caused by high enzyme loading of nanoparticles.

Due to the change in enzyme activity, the detection of urea by immobilized enzyme
will reduce the stability of biosensors to a certain extent, SO some non-enzyme urea
biosensors show the potential to solve this problem [31]. Wachsmann-Hogiu et al.
reported a simple and low-cost urea biosensor by depositing silver nanoparticles
(AgNPs) on a commercial glucose test strip [8]. The glucose test strip consists of
a plastic substrate with gold and palladium bimetallic channels. Compared with the
traditional electrode, it has the advantages of good conductivity and easy access
(Fig. 5.3a). Scanning electronic microscopy (SEM) images show that AgNPs are
uniformly deposited on the electrode, leading to good electrical properties (Fig. 5.3b).
The deposition of AgNPs leads to the increase of electrode resistance, which is mainly
attributed to the formation of the Ag,0 layer and the discontinuity of nanoparticles
(Fig. 5.3c). The formation of Ag(OH), shows that the deposition of AgNPs on the
electrode has catalytic activity for the detection of urea in alkaline electrolytes and
improves the catalytic efficiency (Fig. 5.3d). After adding the interfering substances,
the redox peak of urea only shifts and no other peaks occur, which indicates that the
biosensor has good anti-interference ability for urea detection (Fig. 5.3e).
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Fig. 5.3 Urea detection (Reprinted with permission from Ref. [8]. Copyright 2020 The Authors).
a Schematic diagram of sensor workflow. b SEM image of AgNPs deposited on the test strip.
¢ Electrochemical impedance spectroscopy (EIS) of AgNPs deposited on the test strip. d Sensing
performance of AgNPs-deposited test strip on urea. e Anti-interference performance of AgNP-
deposited test strip on urea

5.1.4 Uric Acid Detection

As a purine derivative, uric acid is the final product of human metabolism [32]. The
normal level of uric acid in serum is 0.13-0.46 mM. The change in uric acid content
is used for early diagnosis of human kidney diseases [33]. It is reported that the high
level of uric acid in serum will become a detection indicator of heart-related diseases,
and the low level will lead to multiple sclerosis [34, 35].

At present, electrochemical biosensors used for uric acid detection are mainly
divided into enzyme biosensors and non-enzyme biosensors. Gupta et al. reported
an electrochemical biosensor prepared with a uricase/CuQO/Pt/glass electrode for the
detection of urea [36]. The introduction of CuO enhances the redox characteris-
tics of the electrode and increases the electronic transmission of the biosensor. The
biosensor has a detection range of 0.05—-1 mM for uric acid, a response of 2.7 mA
mM~!, and a service life of more than 14 weeks. In order to further improve the
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enzyme activity and electrode kinetics, Singh et al. prepared gold nanoparticles
(AuNPs) decorated with reduced graphene oxide (rGO) nanocomposite and cova-
lently immobilized uricase (UOX) enzyme to detect uric acid (Fig. 5.4a) [9]. Trans-
mission electron microscope (TEM) shows that AuNPs are uniformly dispersed on
the rGO sheet (Fig. 5.4b). The appearance of an amide-related peak proves that
the urease is successfully immobilized on the surface of Au-rGO (Fig. 5.4c). CV
curve shows that Au-rGO has good electron transfer performance, which is mainly
attributed to the good conductivity of AuNPs and rGO (Fig. 5.4d). The current—time
curve shows that UOx/Au-rGO/indium-tin-oxide (ITO) biosensor has the ability
to detect uric acid quickly (Fig. 5.4e). The current change of uric acid at different
concentrations indicates that uricase plays an important catalytic role in the oxidation
of uric acid (Fig. 5.4f). Non-enzyme biosensors can also detect uric acid. Carboxy-
lated cells (CLC) were dissolved in ionic liquid [BMIM]CI, and then grafted with
poly(3,4-ethylene dioxythione) (PEDOT) via atom-free radical polymerization [37].
The interaction between CLC and other components improves the conjugation degree
of polymer in the composite, and promotes the formation of fibrous and skin-like
composites, thus improving the conductivity and catalytic performance. The detec-
tion of uric acid in blood by PEDOT/CLC-based electrochemical biosensor shows a
wide linear range of 0.6-620 M and a detection limit of 5400 M.
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Fig. 5.4 Uric acid detection (Reprinted with permission from Ref. [9]. Copyright 2019 Elsevier
B.V.). a Schematic diagram of biosensor preparation. b TEM photo of AuNPs scattered on rGO.
¢ FTIR spectra of films. d Electrochemical activity of electrodes. e Current—time curve of UOx/Au-
rGO/ITO biosensor for uric acid detection. f Current change of uric acid at different concentrations
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5.1.5 Bilirubin Detection

Bilirubin is the yellow product of hemoglobin decomposition and widely exists in
serum. Bilirubin is usually divided into two types, conjugated bilirubin and unconju-
gated bilirubin. Bilirubin in serum generally exists in an unconjugated form. Exces-
sive bilirubin usually causes hemolytic anemia, sickle cell anemia, and liver infection
[38]. Lack of bilirubin can lead to iron deficiency anemia and coronary artery disease.
At present, the methods for detecting bilirubin include fluorescence, enzyme anal-
ysis, capillary electrophoresis, high-performance liquid chromatography, polarog-
raphy, and chemiluminescence [39]. In recent years, the detection of bilirubin by
electrochemical biosensors has gradually attracted people’s attention.

As a common method to detect bilirubin, electrochemical biosensors are also
divided into enzyme biosensors and non-enzyme biosensors. Non-enzyme biosen-
sors are mainly divided into two types, one is the direct oxidation of bilirubin on
the electrode surface, and the other is the detection of bilirubin through molecu-
larly imprinted polymer. Gold nanoclusters (AuNCs) stabilized by human serum
albumin (HSA) were used as biological recognition systems, and then chemically
fixed on ITO plate [40]. The biosensor shows high sensitivity (0.34 WA uM~!) with
a detection limit of 86.32 nM in detecting bilirubin in the blood. Li et al. reported
that a non-enzyme bilirubin biosensor prepared by cerium dioxide nanocubes (ceria
NCs) and carbon blacks (CBs) modified the screen-printed electrode (Fig. 5.5a)
[10]. TEM shows that ceria NCs are uniformly dispersed on the electrode, providing
a large number of loading sites for the catalytic bilirubin (Fig. 5.5b). CBs are a
good carrier for loading ceria NCs, which can improve the electrochemical perfor-
mance of the composite (Fig. 5.5¢). The ratio of ceria NCs/CBs to 2:1 produces
the maximum oxidation current (Fig. 5.5d). The biosensor has good selectivity for
bilirubin (Fig. 5.5e).

The enzyme biosensor mainly uses bilirubin oxidase (BOx) for electrochemical
detection of bilirubin. Fang et al. reported a composite electrode made of multi-
walled carbon nanotubes (CNTs), graphene oxide (GO), and AuNPs with BOx fixed
on the electrode by adsorption [41]. The biosensor shows a detection range of 1.33—
71.56 mM and a detection limit of 0.34 M. The combination of conductive polymer
and nanomaterials can improve the electrochemical performance of biosensors. BOx
was fixed on the polypyrrole (PPy) layer modified by GO nanoparticles, and then
electrochemically deposited on F-doped tin oxide (FTO) plate to prepare a nanocom-
posite electrode [42]. The biosensor assembled by this electrode can reach a detection
limit of 0.1 nM and a detection range of 0.01-500 mM.

5.1.6 Cholesterol Detection

As anindispensable component of the cell membrane, cholesterol significantly affects
the stability and fluidity of the cell membrane [43]. At the same time, it is also a



5 Electrochemical Biosensors for Metabolites Detection 87

(a},_. —————————

In presance of free bilirubin

Ceria nanocube

Currant

Carbon blacks-

Potential

(€)ge 21 ® g i
9
" o, ~35
i wo Em ¥oe 1og
= T E -1 c
E €
P E:Zéégaaﬁ@gg
o ? O"le2SEFTBE S S
B 5]111'1'11
— o
00 M 02 03 04 08 Weight ratio of ceria NCs/CBs Analytes

Potential (V) vs. Ag/AgCI

Fig. 5.5 Bilirubin detection (Reprinted with permission from Ref. [10]. Copyright 2020 Elsevier
B.V.). a Schematic diagram of bilirubin detection in blood. b TEM image of ceria NCs dispersed
on the electrode. ¢ CV curve of bare SPE (black), ceria NCs (red), CBs (blue) and ceria NCs/CBs
(green). d Current of ceria NCs/CBs. e Influence of interfering substances in serum

precursor of hormones, bile acids, and vitamin D in the body. It can also regulate the
function of the heart and other organs. The cholesterol level in the blood of healthy
people is not higher than 5.17 mM [44]. Increased cholesterol in the blood will lead
to hypertension, cerebral thrombosis, and some kidney diseases [45]. Therefore,
the detection of cholesterol in blood is particularly important for the prevention of
some diseases. There are two main methods to detect cholesterol by electrochem-
ical biosensors. One is the enzymatic reaction of cholesterol, and the other is a
non-enzyme method that directly catalyzes the oxidation of cholesterol. In the enzy-
matic reaction of cholesterol, cholesterol oxidase (ChOx) oxidizes free cholesterol
to cholest-3-one, and produces hydrogen peroxide (H,O,) by-product. Since there is
a certain correlation between H,O, and cholesterol, the content of cholesterol can be
calculated by the amount of H,O,. Yildiz et al. reported an amperometric cholesterol
biosensor in which ChOx was immobilized on 4-(4H-dithienol[3,2-b:2’,3’-d]pyrrole-
4)aniline polymer [46]. The introduction of conductive polymer can accelerate elec-
tron transfer on the electrode surface. Subsequently, Wang et al. reported a portable
paper biosensor that was a screen-printed electrode (SPE) with nanoporous gold
(NPG) (Fig. 5.6a) [11]. The catalytic oxidation of cholesterol by ChOx and the
reduction mechanism of NPG to H,O, ensure the synergy of this strategy (Fig. 5.6b).
The electrode can also generate a reduction current in phosphate buffer saline (PBS)
solution containing cholesterol, which proves the synergy (Fig. 5.6¢). ChOx oxidizes
cholesterol in serum to H,O,, and the released H,O, is reduced by NPG (Fig. 5.6d).
ChOx has the highest catalytic efficiency for cholesterol at 37 °C (Fig. 5.6e). The
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Fig. 5.6 Cholesterol detection (Reprinted with permission from Ref. [11]. Copyright 2021 Elsevier
B.V.). a Schematic diagram of NPG/SPE biosensor preparation and detection. b CV curve of bare
SPE and NPG/SPE in PBS solution containing HyO;. ¢ CV curve of bare SPE and NPG/SPE in
PBS solution containing cholesterol. d NPG/SPE in PBS solution and serum containing cholesterol,
respectively. e CV curve of cholesterol oxidation by ChOx at different temperatures

enzyme cholesterol biosensors have some inherent defects, such as high cost and
enzyme instability, which limit their application.

Non-enzyme direct catalytic oxidation of cholesterol has attracted much attention
because of its high efficiency, stability, and oxygen-free binding. For example, Sun
et al. prepared a non-enzyme electrochemical biosensor to improve the conductivity
and increase the number of molecular imprints through multi-walled CNTs and
AuNPs, with poly-aminothiophenol (PAP) as the sensing core [47]. Copper-based
nanomaterials can also be used for non-enzyme electrochemical biosensors. A special
rose-like copper sulfide nanostructure (Cu,S NRS) was synthesized on the copper
rod, and then the Cu,S NRS/Cu rod was used as the electrode for non-enzyme
detection of cholesterol [48]. The biosensor shows a wide linear range from 0.01 to
6.8 mmol L~! and a detection limit of 0.1 pmol L~'. However, non-enzyme detection
still has some shortcomings, such as poor selectivity, low sensitivity, and electron
transfer between active sites.

5.1.7 Lactic Acid Detection

Lactic acid is the main product of glucose decomposition in an anaerobic environ-
ment. It exists in cells, and then transported to the liver for oxidation to pyruvate [49].
The level of lactic acid in the blood of healthy people is 0.5—1.5 mM [50]. The lactic
acid level in critically ill patients is often greater than 4 mM. The long-term increase



5 Electrochemical Biosensors for Metabolites Detection 89

of lactic acid in the blood will lead to respiratory failure, hemorrhage, anemia, hypox-
emia, and meningitis. The detection of lactic acid is very important for evaluating
the health problems related to lactic acid poisoning and anaerobic conditions. Elec-
trochemical biosensors often use two enzymes when detecting lactic acid, one is
lactate oxidase (LOx) and the other is lactate dehydrogenase (LDH). Lorenzo et al.
prepared a biosensor by coupling carbon dots (CDs) and LOx, and then depositing
the coupling compound on the gold electrode [51]. The linear detection range of the
biosensor for lactic acid is 3.0-500 M, the sensitivity is 4.98 x 1073 pA pM~!, and
the detection limit is 0.9 wM. The biosensor prepared by dehydrogenase depends on
the permanent presence of the cofactor nicotinamide adenine dinucleotide (NAD™).
This is mainly attributed to the cofactor participating in the electron transfer of
dehydrogenase-catalyzed reaction. Schoning et al. prepared a reagent-free electro-
chemical biosensor by immobilizing LDH, NAD*, and Fe(CN)¢>~ to a screen-printed
carbon electrode modified with GO and cellulose acetate (CA) (Fig. 5.7a) [12]. The
maximum signal increase is observed at the potential of +0.25 V. The generation of
this optimal potential is based on the electron transfer mediated by the redox process
(Fig. 5.7b). CV curve shows redox characteristics, and the amount of GO added is
positively correlated with the oxidation peak current (Fig. 5.7c). With the increase
of CA layer, the linear detection range is expanded (Fig. 5.7d). The modification of
the electrode with GO and CA increases the immobilization of coenzyme factors on
the electrode, thus improving the electrocatalytic performance. GO provides a new
process for the preparation of coenzyme-dependent biosensors.

5.1.8 Creatinine Detection

As one of the detection indicators of kidney disease, creatinine is widely used to
monitor the progress of kidney disease. As one of the main components of blood and
urine, creatinine provides energy for muscle tissue [52]. The traditional detection
methods of creatinine include chromatography, spectrophotometry, and colorimetry.
Although these methods have good selectivity and sensitivity, the disadvantages
of cumbersome pretreatment, time-consuming, and high cost affect their applica-
tion. Electrochemical biosensors have become favorable candidates because of their
simplicity, efficiency, low cost, and high sensitivity.

Wang et al. prepared a creatinine detection biosensor by converting creatinine into
1-methylhydatine through a single enzyme pathway [53]. Due to the denaturation
of enzymes, these systems show poor stability, sensitivity, and repeatability. Pundir
et al. prepared an electrochemical biosensor for creatinine detection by immobilizing
nanoparticles of creatinase, creatinase, and sarcosine oxidase on GCE [54]. The
detection range is 0.01-12 wM, and the detection limit is 0.01 pM.

Due to the high cost and variability of enzymes, the development of non-enzyme
biosensors is becoming more and more important. Prakash et al. embedded CDs
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doped with tungstic anhydride (WOj3) in GO chip to develop a non-enzyme elec-
trochemical biosensor (Fig. 5.8a) [13]. The embedded structure provides an elec-
trocatalytic basis for the detection of creatinine (Fig. 5.8b). XRD results prove the
successful assembly of the nanocomposite (Fig. 5.8c). The nanocomposite modi-
fication improves the redox ability of the electrode (Fig. 5.8d). The synergy of
CDs and WOj3 provides a good electrocatalytic environment and anti-interference
ability (Fig. 5.8e). The electrode shows good selectivity for creatinine detection. The
biosensor can realize the detection of creatinine at the level of pimole in blood.

5.1.9 Galactose Detection

The detection of galactose is important for food safety, medicine, fermentation
industry, and human health [55]. The imbalance of galactose in blood and urine
will lead to symptoms of galactosemia, galactorrhea, and other metabolic disorders
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[56]. As a genetic metabolic disease, galactosemia shows the disorder character-
istic of weakness. Patients with this disease often lack enzymes that metabolize
galactose. When the concentration of galactose in the blood of newborns exceeds
1.1 mM, it will lead to severe galactosemia [57]. This symptom leads to cataracts,
kidney problems, and brain damage. Different methods such as chromatography,
spectrophotometry, and fluorescence are used to detect galactose. Electrochemical
biosensors have attracted much attention because of their fast, simple, and efficient
characteristics, which overcome the shortcomings of traditional methods.

As a member of free radical coupled copper oxidase, galactose oxidase (GalOx)
can significantly catalyze galactose to galactose acid and H,O, [58]. Cuong et al.
reported a simple method to prepare galactose biosensors, that is, grow small ZnO
nanorods (NRs) on ZnO NRs, and then immobilize GalOx to form the electrode
(GalOxIZnO NRs/NRs) (Fig. 5.9a) [14]. The growth of small ZnO NRs on ZnO
NRs with large surface area leads to different crystal orientations, which proves
the successful preparation of the structure (Fig. 5.9b). Because of the high surface
volume ratio of ZnO NRs/NRs, the amount of GalOx immobilized on the surface of
ZnO NRs/NRs is high (Fig. 5.9¢). GalOx|ZnO NRs/NRs electrode has high current
density, which indicates that there are many reaction sites on the electrode surface
(Fig. 5.9d). The biosensor can detect galactose in blood with a wide detection range
of 40-230 mM. In order to make the biosensor simpler and cheaper, a filter paper
containing Pt layer and Nafion® membrane is used as the working electrode, and then
H,0; produced by oxidation is detected in the presence of GalOx [59]. Nanomaterials
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Fig. 5.9 Galactose detection (Reprinted with permission from Ref. [14]. Copyright 2019 The
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with different surface crystal orientations improve the selectivity and sensitivity of
non-enzyme galactose biosensors [60].

5.1.10 Triglyceride Detection

Triglyceride is a natural fat with ester bonds [61]. Triglyceride, as low-density
lipoprotein, plays an important role in the metabolism [62]. Increased triglyceride
in the blood will increase the probability of atherosclerosis, hypolipoproteinemia,
and coronary heart disease [63]. The traditional methods can accurately detect
triglyceride but require high cost, long time and skilled operators.

Recently, Pundir et al. prepared a sensitive triglyceride biosensor by the covalently
immobilizing enzyme (lipase, glycerol kinase, and glycerol 3-phosphate oxidase) on
the surface of pencil graphite electrode [64]. The biosensor has excellent detection
performance for triglyceride in blood. It is reported that the sensitivity of triglyceride



5 Electrochemical Biosensors for Metabolites Detection 93

detection based on a single enzyme is sometimes affected by the pH of the medium,
resulting in inaccurate detection [65]. Basu et al. prepared a dual-enzyme triglyceride
biosensor in which toluidine blue was absorbed by the transparent film of rGO
onto the surface of ITO to form an electrode, and then lipase (LIP) and glycerol
dehydrogenase (GDH) were immobilized (Fig. 5.10a) [15]. FESEM image shows
that the enzymes are immobilized on the surface (Fig. 5.10b). This is mainly attributed
to the high specific surface area and the interaction between surface functional groups
and enzymes. Raman spectra indicate that there are a large number of sp? sites and
structural defects (Fig. 5.10c). CV curve shows the reversibility of the dual-enzyme
biological electrode (Fig. 5.10d). The increase in tributyl concentration will increase
the reaction intensity of the biological electrode (Fig. 5.10e). The biosensor can shield
the influence of other interfering substances when detecting triglycerides (Fig. 5.10f).
Toluidine blue is introduced into the electrode as areversible redox medium to replace
the traditional irreversible redox pair, which increases the reversibility and extends
the service life of the biosensor.

5.1.11 Hydrogen Peroxide Detention

As one of the most stable and abundant reactive oxygen species in nature, hydrogen
peroxide (H,0,) plays an important role in host defense, immune response, and
pathogen invasion mechanisms [66]. The imbalance of H,O, may lead to oxidative
stress and protein deterioration, leading to accelerated aging and the occurrence
of various diseases [67]. The electrochemical biosensors have the characteristics
of simple operation, high sensitivity, fast response, and low cost. The detection of
H,0O, in the blood is mainly divided into two ways. One is the high sensitivity and
specificity of enzyme reactions [68]. The other is based on electron transfer between
non-enzymes [69].

Xu et al. reported a switch-type proportional electrochemical biosensor
for the detection of H,O, in blood [16]. The biosensor was prepared
by co-assembly of 5-(1,2-dithiocyclopentane-3-yl)-N-(4-(4,4,5,5-tetramethyl1,3,2-
dioxapron-2-yl)phenyl) pentanediamine and Nile Blue A and then applied to carbon
fiber microelectrode (CFME) (Fig. 5.11a). SEM image shows that the Au nanocone
on the electrode uniformly covers the CFME surface (Fig. 5.11b). CV curve shows
that the biosensor has good recognition ability for HO, detection (Fig. 5.11c). Due
to the high specificity of the reaction between Nile Blue A and H,O,, the biosensor
has good selectivity and anti-interference ability (Fig. 5.11d). The appearance of
the redox peak is attributed to H,O;-induced borate ester bond cleavage. Differ-
ential pulse voltammetry (DPV) was obtained from three electrodes of blood and
serum (Fig. 5.11e). This micro-sensor can rapidly analyze the content of H,O; in
trace blood, and provide ideas for detecting other active oxygen species and blood
metabolites.
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Fig. 5.10 Triglyceride detection (Reprinted with permission from Ref. [15]. Copyright 2019 The
Royal Society of Chemistry). a Schematic diagram of LIP-GDH/TB/ERGO/ITO electrode prepa-
ration and detection. b FESEM image of LIP-GDH/TB/ERGO/ITO electrode. ¢ Raman spectra
of ERGO/ITO and GO/ITO surfaces. d CV curve of LIP-GDH/TB/ERGO/ITO electrode with
different scan rates. f CV curve of LIP-GDH/TB/ERGO/ITO electrode at different triglyceride
concentrations. f Influence of interfering substances

5.2 Conclusion

Blood is one of the most reliable biological samples in bioinformatics, and its metabo-
lites include glucose, urea, uric acid, bilirubin, cholesterol, lactic acid, creatinine,
galactose, triglyceride, and hydrogen peroxide. The level of metabolites in the blood
plays a critical role in physiological activities. It is essential to prevent or diag-
nose diseases by detecting metabolites in blood. Electrochemical biosensors are
widely used to detect metabolites in the blood due to their high sensitivity, good
reproducibility, simplicity, and low cost. This chapter reviews the development of
electrochemical biosensors for the detection of metabolites in blood. Although great
progress has been made in this area, there are still some issues that need further
discussion.
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Although non-enzyme biosensors have made progress in the detection of blood
metabolites, there is still a certain gap in specificity and sensitivity compared with
enzyme biosensors. The introduction of some nanomaterials into the biosensor can
improve its electron transfer ability and target specific recognition. However, most
electrochemical biosensors containing nanomaterials are still in the early stages
and cannot be applied to clinical diagnosis. To obtain electrochemical sensors with
long-term stability and good biocompatibility, it is necessary to further develop new
nanomaterials or other materials.

The detection of metabolites in blood requires immersion injury to the human
body. This detection method cannot be used for long-term tracking detection.
Although the blood can now be replaced by other body fluids, the sensitivity and
specificity of detection cannot reach the level of blood detection. It is necessary to
further strengthen the research of electrochemical biosensors capable of incorpo-

rating portable, subcutaneous, and micro-implant devices to detect metabolites in
blood.
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Most blood metabolites are detected in vitro, and biosensors for in vivo detection
are important for future development. To achieve real-time monitoring of metabolites
in vivo, it is necessary to synthesize non-toxic nanomaterials with high stability and
anti-interference capability. Multiple sensors that can simultaneously detect multiple
metabolites should also be developed to achieve high sensitivity.

In the future, the detection of diseases will make the use of sensors more frequent,
and the ability to process multiple biomarkers in a short time should be increased.
In addition, the determination of analytes requires almost no cross-reaction between
the target and receptor. Therefore, the rational design of receptors is particularly
important. Some advanced automation equipment should be used in routine testing,
which can avoid some artificial errors and produce more accurate results.
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Chapter 6 ®)
Electrochemical Biosensors for Drugs Guca i
Detection

Ruiqi Ma, Rui Liu, and Fan Xia

Abstract Drugs detection could help to monitor the treatment of diseases in order to
adjust drug dosage and usage, to ensure maximum therapeutic effect while reducing
unnecessary side effects and danger. The electrochemical biosensors are an effective
method to realize highly sensitive and specific detection of drugs. In this Chapter, we
focus on the electrochemical detection of drugs in blood, including nanomaterials
and bio-enzyme. From the perspective of different drugs, the innovation of electro-
chemical biosensors for detecting them is discussed. We hope to provide ideas for
the detection of drugs in the blood through this Chapter and point out the important
role of the detection of drugs in human health.

Keywords Biosensors - Electrochemical detection + Drug detection -
Nanomaterials + Blood

6.1 Introduction

Drugs detection is primarily used to monitor the feedback of drugs during the devel-
opment process and the monitoring of the metabolism, absorption, distribution, and
excretion in the human body [1, 2]. In the process of actual diagnosis and treat-
ment, drug testing can help doctors adjust drug dosage and usage plans to ensure
maximum therapeutic effect while reducing unnecessary side effects and danger.
In the past decades, the technology of drug testing has made fruitful achievements,
expanding from traditional drug concentration analysis to the exploration of fields
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such as molecular diagnosis and personalized medicine, and the scope of drug testing
continues to expand [3-5].

Traditional drug-detection methods include mass spectrometry, magnetic reso-
nance imaging, gas chromatography, high-performance liquid chromatography, etc.
[6]. These methods have high precision and reliability, but generally require complex
sample preparation and expensive equipment. The operations are generally complex,
time and economic costing, and difficult to real-time monitoring. In recent years,
drug detection based on electrochemical sensor technology has attracted more and
more attention. Biosensing technology is a technology that combines biomolecules
with signal conversion devices to detect biomolecules by means of electrochemistry,
optics, and acoustics [7]. With high sensitivity, selectivity, and real-time performance,
biosensor technology does not require expensive equipment or complex pretreatment,
which has been widely considered and applied.

Electrochemical biosensors, a kind of signal conversion device, could detect
biomolecules selectively by immobilizing biorecognition elements on electrochem-
ical transducers. The biological recognition elements of the sensor are usually biolog-
ical molecules, such as an enzyme, antibody, nucleic acid, or cell, which could
specifically bind to the target and release an electric signal [7, 8]. Electrochemical
biosensors have received widespread attention in cancer drug testing.

Different detection methods and bio-recognition elements are employed in
electrochemical biosensors for different drugs. Nanomaterials, like nanoparticles/
nanotubes/ nanosheets, have good electrochemical properties and biocompatibility,
and are often chosen to improve the selectivity of the sensor, so as to achieve rapid
and accurate detection of drugs [9]. Nanoparticles have a high surface volume ratio
and good biocompatibility. Such as, gold nanoparticles were used to modify screen-
printed electrodes (AuNP-SPE) to combine with electrochemical sensors to achieve
the detection of the anticancer drug Fluorouracil (5-FU) [10]. Carbon nanotubes have
excellent conductivity and biocompatibility. Carbon nanotubes are used to modify the
electrodes of electrochemical biosensors and to detect the concentration of anti-tumor
drug cisplatin [11]. Multi-walled carbon nanotubes (MWCNTs) are also excellent
supporting material, which have low resistivity, high stability, and have a high surface
volume ratio. Researchers have prepared a new DNA-free electrochemical biosensor
for the detection of mitoxantrone anticancer drugs by using silver nanoparticles and
polythiophene (PT) loaded on multi-walled carbon nanotubes [12]. Enzymatic elec-
trochemical biosensors are also a common type of biosensors that can be used to
detect various substances, such as glucose, lactate, and cholesterol, among others.
Enzyme-catalyzed reactions are used to convert the target substance into a measur-
able electrical signal, thereby enabling detection of the target substance. A typical
enzyme electrochemical sensor consists of an electrode, enzyme, mediator, and target
molecule. When the target molecule presents, it reacts with the enzyme, triggering an
electrochemical peak. Based on the size and shape of the electrochemical peak, the
concentration of the target molecule could be determined [ 13]. For example, a glucose
sensor takes glucose oxidase (GOD) to convert glucose into glucose acid, gener-
ating electrons. These electrons can be transmitted through the electrode, forming an
electrochemical signal. By continuously improving and optimizing the construction
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materials and mediators of the sensor, the sensitivity and selectivity of the sensor can
be further improved, enabling more accurate and reliable detection results [14].

In drug testing in the human body, samples including blood, urine, and saliva
are used, among which blood testing is widely used in clinical medicine mainly
because blood is one of the easiest biological samples to obtain. In blood samples,
whole blood refers to blood that has not been centrifuged to separate plasma or serum.
Plasma refers to the liquid component separated under the action of an anticoagulant,
including plasma proteins, clotting factors, etc., while serum refers to the liquid
component after centrifugation that has removed clotting factors. In in vivo drug
testing, whole blood and plasma samples can be used to detect the concentration of
drugs in the body, while serum samples are mainly used to detect drug metabolites.

In this chapter, the application of electrochemical biosensors mainly using biolog-
ical samples such as whole blood and serum in drug detection is reviewed. A summa-
rized performance standard of the published electrochemical biosensors can be seen
in Table 6.1.

6.2 Nanomaterials-Based Electrochemical Biosensors

6.2.1 Zero-Dimensional Nanoparticles-Based
Electrochemical Biosensors

With particle sizes ranging from 1 to —100 nm, nanoparticles have a high surface-to-
volume ratio and good biocompatibility. Nowadays, hundreds of nanomaterials have
been discovered with peroxidase-like catalytic activities. Most of the electrochemical
biosensors consist of peroxidase mimics, the peroxidase-like nanozymes comes first.

Methotrexate (MTX) is a folic acid antagonist broadly used in different cancers
curage. However, it also exhibits high toxicity, which could make a big differ-
ence in the growth and proliferation of healthy cells. Traditional MTX detection
methods require complex and expensive equipment and often require multiple-
sample processing steps, increasing the cost and time of detection. In order to
overcome these limitations, Fe;O4/indium tin oxide (ITO) electrode modification
technology based on the solvothermal method by El-Said W. A. et al. They used the
solvothermal method to grow Fe;O4 nanoparticles directly on the surface of ITO,
and prepared magnetite Fe;O4 nanoparticles/ITO electrode. The modified electrode
was highly sensitive to MTX. The experimental results show that this electrode is
highly sensitive to MTX drugs and can be met in a wide range of concentrations.
The electrode can also effectively detect MTX in human serum and clinical samples.
Compared to the traditional MTX detection method, the electrochemical biosensor
proposed in this chapter has many advantages. First, the process of preparing the
electrode is very simple, and only Fe;O,4 nanoparticles can be directly grown on the
ITO surface by solvothermal method. Secondly, the electrode has high sensitivity



=
w (peanunuoo)
= quy/Su ¢ (1
~ X 69
uy/su Q[ iqug WnIos uewny SIowo31[0
loc] X 68€°C Tw/Su 01,01 /(DD) wo[d uogIeds /(qAD) uonisodop rodea feorwey) | Iognq [ed130[01sAYd | (¢h) ¢ ProjAury
auLm
pam[ip pue wnias
[ze]l | AT 0T X 9L N TT-6S0°0 HOD/(0D) oprxo suayderd/yNa poo[q uewng XL
QULIN uBWINY pue proe o1Ad11es
(el N 620070 N 001000 INDMIN/ZQIZ-IN | winies poo[q uewny ourwe-g
(IND-N)
loc] N 00 N 0¥S-10°0 saqmoueu uoqred padop-usgontu/(dm) oprydsoyd Poo[q (oYM XIN
WM 01
X 656 N TT-INT ¢ HOOD/AVLD-SINOMIN
l61] WM €00 N - 10 | /(9e]) asedde]-(sIH) seuate[[ny [AX0IpAY/(1yD) Uesoy) wnies s19[qe) unf) unny
W 0°02-80 (SHDASD) $pomd3[o (1da)
[81] WM 1070 WY 08000 pajurid-usaros arydeid/(sdN ny) sefontedoueu pon wnIds uewngy uroiqnidyg
HOD/(SINOMS) JTonbry
Saqnjoueu U0QIed PI[[eM-9[SUIS/(SdDT) soseyd o1qno | asaumy) pue ‘Quim pal
[L1] WM 005 | N ;0T X €1-0°00T | 2PdI-(OED.L) [TueIo[y-(HAV) 9seusS0IpAYap [0Yoo[y | “19aq ‘poo[q uewny [oueyg
Tw/3u 10°0 Tu/3u 0001-C°0 (IAD
[o1] puE 100°0 PUE 000T-20°0 (Vd) proe onkud-Z(£OA) 1§/HdD | POOIq [0 puE duLIf) aururexdruuy
aponoafe (XL
[S11]| AT 601 X $°0 Wl 0'01—¢-01 (OLD @prxo un wnipuysaponredouru €9, amoudey wniss poorg AJBXANOYIRIN
3nip 1eoueOnIUE
[c1] N €100 N 0°001-50°0 (Ld) eudydoryiAjod -3y-LNIMIA | WNISS POO[Q PuE SULI() | SUONUEXONN
SOOURIQJY | IWI[ UOIAN_J a3uer reaury UOTONIISUOD JOSUISOIg uowroadg AAeuy

104

Uo199)ap INIP I0J SIOSUSOI] [BITWAYO0NII[H ['9 IqBL



105

6 Electrochemical Biosensors for Drugs Detection

[8€] WY 200 M 00750 0/(HIND) SPONIS[S0I0IW 19qY UOGIE)-dPIUBURIUS] Poo[q 2[OYM “O™H
(HAT1vuZ
/Y0%40D/0D) 2sodwodsouru aprxo duayderd-o)Lioy QuULIN pUB ‘WINIoS
[L£] N 1000 WM 01-20 172Q00 payIpour AprxoIpAy d[qnop parekef/yuz | ‘ewserd poo[q uewny aprsodorg
ouLmn pue (IdD)
[og] WY L0 WM 0°06-L°0 (4dD) 9ponoa[e saysed ouoydern |  wnies poo[q uewnyy ueodjodoy,
(xo0@
[v€l WM $20°0 WM 11°0-€00 uolpayeno) YNJ / °pondd[e p[oH Poo[q 2[0YM upiqnioxoq
OS1vpy +€91=D
WM 01 Twy/Su 01
[e€] X QILT| X [~Tw/3u QT X [ | 9ponoe[e pjos /aqordoueu paurquiod YN(-2pided-gNNV | poo[q o[0yMm pue BAI[ES | T-A0D-SUVS
(0¥D)
uy/Su Q[ Tuwy/Su 0S (SINNV-VV) s9[ontedoueu pjos pajeod-proe S[[eo poorq | eydpe 10)dooax
[1€] X €8T —Twy/3u 100°0 ourwre pue (QDI-T]) 9prxo auaydeid uor-ourury pue sndureooddry] | prooniosoonin
WM 01
X €1€0°] pue N 1¥L-6T¢ (d1D)
[0€]| ¢OT X 68€L°0 PUE 00€—S00°0 HOD/NO® VEd-2-0D | wnios poojq pue dulin | uroexopgodin
ezl | WioeFTL WM ovz-0€ 9ponoa] 1d/(HDd) 2pond2[g Aydern [roued WSS UBUINH [ojodoig
WM 01
X 68
WM 01 N 0°0ST-50 [eonnaoeuLreyd 4.LA-SS
[8¢] X 0I'e WM 0°001-1°0 HOD-AND-HONND-AD pue ‘dutn ‘poorg aLd-9d
WY #0°0 WY 05—€°0 (HDD) aponoafe BAI[ES sururedop
[22] WM 600 WM 0S¢0 uoqIed Asse[3/COLL/(sSd) seroydsororur auaikisA[od WnIds uewny [owrelaoeIRg
SO0UQIOJOY | JIWI] UONOA 93uer Jeoury UONONISUOD JOSUISOIY uowrdedg Ah[euy

(ponunuod) °9 d[qe,



106 R. Maet al.

and selectivity, and can detect MTX drugs in a low concentration range. Most impor-
tantly, the cost of MTX detection using this sensor is low, so it can provide more
convenient and economical detection services for the general population [15].

Imipramine (IMI) is a drug commonly used to treat severe endogenous depres-
sion, anxiety, hyperactivity disorder, attention deficit and enuresis. In order to maxi-
mize its therapeutic effect and reduce side effects, an appropriate IMI dose must
be determined. Recently, Mofidi, Z. et al. developed an ultra-trace detection system
for IMI in whole blood by combining electromembrane extraction with fast Fourier
transform square wave voltammetry. The system uses nanoparticles-modified carbon
paste electrodes and composite polymers to improve the sensitivity of electrochem-
ical measurement. The researchers also used nano Sr (VOs3), doped with phytic acid
to modify CPE for determination of IMI. By using 2-nitrophenyloctyl ether as a
support liquid membrane and extracting IMI molecules from a phosphate buffer
solution, this method can be directly used for ultra-trace detection of IMI in biolog-
ical complexes without any pretreatment. Because EME-FFTSWYV technology and
the electrochemical biosensor have simple operation, cost-effectiveness, and short-
ened analysis time, it has great practical application potential in the medical scientific
analysis [16].

6.2.2 One-Dimensional Nanotubes-Based Electrochemical
Biosensors

Nanotubes, especially carbon-based nanotubes show excellent mechanical, elec-
trical, and thermal properties, and had been applicated in analysis and biomedical
measurement. The integration of enzymes and their nanotube electronic media onto
a single electrode surface to prepare enzyme-based bio-electrochemical devices is a
research hotspot.

Wang S. Z. et al. proposed a simple and efficient immobilization method using
liquid crystal lipid cubic phase (LCPs) coated single-walled carbon nanotubes
(SWCNT) film as substrate. LCPs are a kind of biomimetic membrane with a three-
dimensional ordered water channel structure, which effectively carries alcohol dehy-
drogenase’s activity. Since SWCNTSs have a special electronic structure and high
conductivity, once coated on traditional glassy carbon electrode, they could promote
the transfer of electrons. The immobilization of ethanol dehydrogenase (ADH) and
NADH oxidation catalyst tetrachloro- 1,4-benzoquinone (TCBQ) on LCPs formed on
CNTs was demonstrated for NADH detection and ethanol biosensor. TCBQ exhib-
ited excellent electrocatalytic activity for the electrooxidation of NADH at an over-
potential. LCPs-TCBQ-SWCNTs composites exhibit good NADH electrocatalytic
oxidation at extremely low anode potential, fast reaction, and wide linear range.
Under the optimized conditions, the integrated enzyme electrode has a fast reaction,
high sensitivity, and stable for ethanol oxidation. The ethanol biosensor developed
has been used for the detection of ethanol content in whole blood. The results are
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satisfactory. It provides a simple, but effective method for the preparation of enzyme
biosensors and bioelectrochemical devices such as biofuel cells, and also shows its
application in analysis and biomedical measurement [17] (Scheme 1).

Abedi et al. prepared an unmarked electrochemical DNA hybridization biosensor,
which uses gold nanotubes to modify graphite, to detect the interaction between
epirubicin and short-length DNA of prostate cancer. It was validated for the detec-
tion of epirubicin in human serum and was used as a stable and reproducible EPI
determination device. Further studies have shown that the developed biosensor has
less disturbance in the presence of other drugs, and has been checked can detect EPI
in human serum easily [18] (Scheme 2).

Multi-walled carbon nanotubes (MWCNTs) are also an excellent supporting mate-
rial. Rutin is mainly transported through the blood circulation system in the human
body. To monitor rutin’s blood concentration is important in the fields of pharma-
cology and pharmacokinetics. Song, X. Y. et al. developed a biosensor by modifying
the MWCNTs to glassy carbon electrode. The dispersed of CTAB to MWCNTs
improved the hydrophilicity and biocompatibility. Then by the use of Lac, the oxida-
tion of rutin enhanced, thereby significantly improving the sensitivity and selectivity.
The biosensor can be used for the detection of rutin tablets and serum [19].

Nanocomposites with multiple active sites are also commonly used to prepare
electrodes for electrochemical sensors, which are also used to monitor the concen-
tration of MTX in blood. Mofidi, Z. et al. proposed a portable and reusable elec-
trochemical detection platform based on nitrogen-doped carbon nanotubes. They
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successfully prepared a new type of electrode with multiple active sites. The elec-
trode turned out to be good at conductivity and electrocatalytic activity. The dispersed
active sites are connected through the electron transport channel N-CNT effectively.
This sensor provides a low-cost, portable, and instant detection platform for cancer
treatment. Although anticancer drugs cannot be monitored in real time in vivo, this
research shows that detection in in vitro samples could be realizable. Future research
will address these issues by developing new micro/nanoelectrodes [20].

5-Aminosalicylic acid (5-ASA) is a non-steroidal anti-inflammatory drug, which
has been widely used in the treatment of inflammatory bowel diseases, such as Crohn
‘s disease, ulcerative colitis. However, long-term overdose of these drugs can cause
lots of side effects. It may cause dizziness, rash, stomach cramps or vomiting. To test
the content of 5-ASA is important for early diagnosis. In recent years, researchers
have successfully developed a Ni-ZrO,/MWCNT nanocomposite as a highly sensi-
tive 5-ASA electrochemical detection electrode material by modifying MWCNT with
Ni-doped ZrO, nanoparticles (NPs). The electrode material has excellent catalytic
performance and high specificity for 5-ASA detection, even in different interfering
species. In addition, it shows a satisfactory recovery rate in complex biological
samples and has broad practical application prospects [21].
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6.2.3 Two-Dimensional Nanosheets-Based Electrochemical
Biosensors

Two-dimensional nanosheets are another kind of material to make flexible and cost-
effective electrochemical biosensors. Chen et al. also designed a DNA/ GO/ GCE
sensor for the detection of MTX. They immobilized DNA on a graphene oxide
modified glassy carbon electrode (GCE). The sensor has a better adsorption effect on
DNA than the bare GCE sensor. It can be applied to the determination of methotrexate
in real samples such as human serum, and shows good recovery. This study provides
an effective method for in vivo monitoring of methotrexate [22].

As an incurable, irreversible, and progressive brain disease, Alzheimer ‘s disease
(AD) takes more than 10% of over-65-year-old humans to darkness [23, 24]. The
content of brain amyloid B (Af) is an important indicator to determine whether
patients with Alzheimer’s disease [25]. Recent electrochemical studies reduced the
detection limits to 100 pg/mL and 0.638 fg/mL in human serum/plasma. Murti,
B. T. et al. constructed an ultrasensitive electrochemical biosensor for most neuro-
toxic AD biomarkers (i.e., Ap (42) oligomers) in human serum by photoelectric
properties, stability and reactivity of SnS, through SnS, nanosheets. They synthe-
sized nanosheets with SnS, vertically aligned on a flexible conductive carbon cloth
substrate by chemical vapor deposition. The designed sensing platform was cova-
lently immobilized on 3-mercaptopropyl-trimethoxysilane-SnS, by AB (42)-specific
capture DNA aptamer, which bound to ABOs in the sample. The ABO concentra-
tion in the serum of AD mice was distinguished by the developed biosensor. The
as-designed SnS; -aptasensor provides a design idea for the design of an electro-
chemical sensing platform based on nanomaterials, and paves the road for AD’s
early prediction and diagnosis [26].

6.2.4 Three-Dimensional Nanomaterials-Based
Electrochemical Biosensors

Paracetamol (PA) is commonly used as an antipyretic analgesic drug, which often
coexists with the neurotransmitter dopamine (DA). When they coexist in the body,
they interfere with each other and are difficult to detect, so the simultaneous deter-
mination of their content is an important difficulty. Yang, H. et al. designed and
synthesized H-C/N@TiO, by simple alcohol method and hydrothermal method. At
the same time, H-TiO, or H-C/N were also prepared by the same method. H-C/
N@TiO; has good charge separation, and stable current response for the detection
of PA and DA in human serum and saliva [27] (Scheme 3).

The detection of chiral molecules has always been a challenging problem because
their stereochemical configurations and enantiomers can undergo racemization.
Upadhyay S. S. et al. developed a new type of enantioselective electrochemical
biomimetic sensor. In this sensor, square wave voltammetry was used to identify
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ethambutol isomers. The sensor used a chiral host-cyclodextrin-based copper metal—
organic framework (CD-CuMOF) to chelate the ETB isomer and combines it with
a carbon nanofiber (CNF) composite to chemically modify a GCE to construct a
sensor. CD-CuMOF has excellent peak potential difference when using SWV to
measure ETB isomers in blood, urine, or drug samples, showing obvious differences
in racemic mixtures. CD-CuMOF not only has low cost, but also has better stability
than enzymes, which provides a new idea for future sensing and catalytic applications
[28].

Accurate measurement of drug concentration during anesthesia is a challenging
task, and electrochemical biosensor technology provides a feasible solution. By
monitoring the drug concentration, the sensor can dynamically adjust the anesthesia
infusion to meet individual needs, thereby improving the success rate of the anes-
thesia process. Traditional therapeutic drug monitoring (TDM) methods usually use
blood spot sampling, but this method is not suitable for continuous monitoring in the
operating room. To overcome this limitation, Aiassa, S. et al. developed a sensor to
measure anesthetics in the patient’s vein, directly. And the use of excellent perfor-
mance of cyclic voltammetry (CV) for drug online detection. In CV, the voltage step
acts on the three-electrode electrochemical cell and triggers the redox on the cell
surface. The pencil graphite electrode (PGE) is suitable for propofol monitoring to
ensure compensation for fouling. The new low-cost and disposable electrode is real-
ized by using a sub-millimeter-sized needle-like PGE pencil lead electrode, which
has robustness and stability. The sensor could be used to develop into a complete
portable electronic system for anesthesia monitoring [29].

Ciprofloxacin (CIP) is commonly used for the cure of respiratory tract infections
and urinary tract infections. Due to the widespread use of CIP, high levels of CIP
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have been detected in many public places. Therefore, it is necessary to construct an
electrochemical sensor with a fast response, strong selectivity, and sensitive detection
for the CIP level. Umesh N. M. et al. proposed a new Co-Fe-PBA@CN modified
carbon electrode for the detection of antibiotic drug CIP. The electrode has nice
reusability and stability, and the electrode and the CIP electrode not only have specific
ion adsorption and electrostatic repulsion but also exhibit excellent selectivity. In
addition, the effect of the sensor was tested by analyzing real samples of human
serum containing ciprofloxacin tablets. It shows that the electrode can be well used
for the analysis and detection of ciprofloxacin. It also has a certain reference value
for the detection of other drugs, pesticides, neurotransmitters, and electrochemical
research [30].

Sometimes, different types of materials can also be combined to make more
suitable electrochemical biosensors.

Depression is a mental disease that is difficult to judge by objective methods. Yang,
S.N. etal. developed an electrochemical biosensor that takes the key biomarker detec-
tion of trace glucocorticoid receptor o (GRa) in the hippocampus and blood cells.
The electrochemical signal is significantly amplified by the integration of amino-ion
graphene oxide and amino acid coated gold nanoparticles, in which amino acids play
important roles as a stabilizer and bridging agent. In addition, it is not only particu-
larly suitable for detecting GRa changes in the blood cells of depressed samples, but
also for assessing the level of GRa changes after treatment. Therefore, this unique
biosensor provides an integrated solution for depression diagnosis and evaluation of
new drugs [31].

6.3 Enzymatic Electrochemical Biosensors

The detection strategies of enzymatic electrochemical biosensors were mainly two
categories. One was nanozymes acting as catalytic unit to combine with the biological
recognition elements. The other one was that nanozymes acted as electrode modifiers.

The combination of electrochemical biosensors with nucleic acids is becoming
more and more popular. By fixing the nucleic acid recognition layer on the electro-
chemical sensor, the detection of DNA-targeted drugs can be realized. The detection
of MTX also utilizes the complementary pairing relationship between MTX and
nucleic acid to fix the nucleic acid recognition layer on the electrochemical sensor
and successfully detect its content. This method is easy to operate, with high sensi-
tivity and high selectivity, which could detect relevant drug concentrations quickly
and accurately [22].

Rapid detection of diseases that are difficult to detect is a development direction of
electrochemical biosensors. Detection of blood galactose levels can diagnose several
clinical conditions, including liver dysfunction and galactose deficiency. However,
it is difficult to detect potential liver damage, since the liver is a silent organ, once
damaged, it can only be detected by tools in the late stage. But it is always too late.
A novel point-of-care (POC) electrochemical biosensor can rapidly and accurately
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quantify the galactose content in the blood using fingertip capillary blood for routine
assessment of liver dysfunction and other potential diseases. The detection system
employs enzyme electrochemical sensing technology to coat galactose dehydroge-
nase on the test strip to catalyze chemical reactions and sends signals to the instru-
ment. Then, the electrical signal is quantized into digital data. The detection method
is very simple to operate, can be performed by professional medical personnel and
non-professional users, and is suitable for various clinical environments, as well as
families. This new POC diagnostic equipment is not only efficient and accurate, but
also very affordable, truly improving the popularity and efficiency of medical care
[32].

The novel coronavirus (SARS-CoV-2), which once raging globally, caused lots
of loss. In order to curb the spread of such a virus, rapid detection of the virus, early
diagnosis, and targeted treatment. At the same time, the selection and development
of virus inhibitors during treatment are also crucial. Liang, Q. Z. et al. prepared an
electrochemical biosensor using papain-like cysteine protease (Plpro) as a biomarker,
which can be used not only for the detection of SARS-CoV-2 but also for the screening
of antiviral inhibitors. The biosensor innovatively uses the specific enzyme activity of
viral functional proteins. In screening and verification of target protease inhibitors, it
was found that Sepantronium Bromide (YM155) had an obviously inhibitory effect
on the activity of SARS-CoV-2 PLpro. The specificity has also been verified in whole
blood. The electrochemical biosensor proposed by the author has great practical
application potential in SARS-CoV-2 detection or inhibitor screening, which can
show some enlightenment for disease detection and antiviral drug development [33]
(Scheme 4).

Liu et al. developed an electrochemical biosensor with excellent selectivity and
sensitivity to target tumor cells. The sensing platform of the sensor is built on
antifouling bilayer lipids and fluid DNA tetrahedrons, which can resist non-specific
protein adsorption in blood and achieve sensitive selective target binding in the pres-
ence of rare target cells. The development of this biological analysis technology will
provide a new and feasible method for the detection of circulating tumor cells, and
has broad application prospects in biological analysis and clinical diagnosis [34]
(Scheme 5).

Chaum et al. developed a biosensor to detect and quantify the concentration of
propofol in blood continuously, accurately and stably. The sensor is based on elec-
trochemical methods and has been verified in vitro to be able to detect and quan-
tify propofol at sub-micromolar concentrations. The sensor uses a special coating
material that can quickly and stably detect drugs without interference from biolog-
ical pollution. In addition, the study also used known drug pharmacokinetics, using
published algorithms, to demonstrate in a modeled ‘patient’, demonstrating that the
platform can automatically deliver and maintain propofol levels. This will provide a
safer and more accurate monitoring method for the use of propofol [35].

Topotecan (TPT) is a major anticancer drug that acts by inhibiting the mechanism
of parasitic topoisomerase I. When topoisomerase I is inhibited, DNA strand breaks,
leading to cancer cell death. At present, the study of the interaction between cells
and DNA is an important research direction, especially for new DNA-targeted drug
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Scheme 4 Schematic diagram of the electrochemical biosensor to detect SARS-CoV-2 [33].
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Copyright (2020) Elsevier
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designation and drug screening in vitro. Electrochemical technology has attracted
much attention due to its high sensitivity, selectivity, and reasonably low cost. It
is effective for the study of interactions between DNA and drugs. Beitollahi et al.
studied the interaction between the anticancer drug topotecan and ds-DNA on a
graphene electrode using linear sweep voltammetry and differential pulse voltam-
metry. The electrochemical DNA biosensor they developed contains a nucleic acid
layer immobilized on an electrochemical converter. The nucleic acid layer can accu-
rately identify the interaction between DNA structure and DNA binding molecules
[36].

In the detection of anticancer drugs, electrochemical biosensors can identify and
measure the presence and concentration of anticancer drugs by detecting the inter-
action between anticancer drugs and DNA. Etoposide (ETO) is a commonly used
anticancer drug, which can inhibit the proliferation of cancer cells by damaging DNA.
Electrochemical biosensors can use sensors with DNA recognition to detect the pres-
ence of ETO. In such sensors, DNA is usually immobilized on the electrode surface
and a chemical reducing agent is used to reduce the Eto O molecule to electrons,
generating an electrochemical signal. This signal can be detected by electrochemical
methods (such as cyclic voltammetry or constant potential step method) and can be
related to the concentration of ETO. The concentration of ETO can be measured
by detecting the change in the signal, and the interaction mechanism between ETO
and DNA can be further studied. In order to improve the biosensors, nanomaterials
can be used to prepare composite materials to increase the amount of DNA fixed
and improve the stability of the signal. The electrochemical biosensor detects the
presence and concentration of anticancer drugs (such as ETO) and can provide an
important reference for the research and development of anticancer drugs. With the
continuous development and progress of nanotechnology, more efficient and accu-
rate electrochemical biosensors can be promoted to be widely used in the fields of
medicine, biochemistry, and environmental monitoring in the future [37].

A new switchable proportional electrochemical sensor was developed to detect
hydrogen peroxide (H,O,) in blood samples, as it plays a crucial role in the patho-
genesis of many diseases through oxidative stress. The sensor was designed and
synthesized using a selective one-step acylation reaction of a novel electrochem-
ical probe, 5-(1,2-dithiol-3-yl)-N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)
phenyl) pentanamide (BA). The internal reference molecule Nile Blue A was opti-
mized to achieve precise quantification of H,O, in complex environments. The BA
and NB were then assembled onto a carbon fiber microelectrode (CFME) coated with
gold cones. The developed sensor exhibited remarkable selectivity for H,O, in whole
blood, particularly against ascorbic acid, uric acid, and dopamine. The microsensor
is capable of fast analysis of a drop of whole blood sample due to the small volume
and biocompatibility of CFME. The sensor provides a new idea for detecting H,O,
in whole blood and offers a new strategy for the analysis of other reactive oxygen
species (ROS), which can have a profound impact on the early diagnosis, pathological
mechanisms, drug discovery, and treatment of ROS-related diseases [38] (Scheme 6).
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6.4 Conclusion and Outlook

This chapter reviews the research progress on electrochemical biosensors for drug
detection using whole blood and serum samples, both domestically and abroad, and
summarizes the performance of the developed sensors. Most biosensors for drug
detection rely on linear changes in a certain indicator in the blood to determine drug
content, while others directly detect the reaction of the drug with a substance modi-
fied on the electrode for indirect detection of drug content. Currently, electrochemical
biosensors are not limited to detecting a single indicator in the blood, but can also
detect multiple components in the blood. The diversity and comprehensiveness of the
detected substances are important aspects of their development. Combined with the
advantages of biomolecular-specific recognition and electrochemical signal sensing,
electrochemical sensors are very advantageous for the convenient and sensitive detec-
tion of drug biomarkers in whole blood. In addition, new types of sensors based on
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nanomaterials and biomolecules will continue to emerge, enabling the detection of
a wider range of drugs.

The electrode in the electrochemical biosensor is the core component of the entire
sensor, and its performance directly affects important indicators such as sensitivity,
response speed, and stability of the sensor. It is necessary to research more mate-
rials and electrodes to improve the electrode surface area and charge transfer rate,
thereby achieving the preparation of high-sensitivity electrodes. At the same time, the
stability of the electrode is an important factor affecting whether the electrochemical
biosensor can achieve long-term stable detection. In the future, new materials and
surface modification methods need to be developed to make the electrode surface
more resistant to oxidation and biocompatible, thereby improving the stability and
lifespan of the electrode. Moreover, in traditional electrochemical biosensors, the
electrode is usually planar, which limits the increase in electrode surface area and
the rate of electrochemical reactions. Research on new types of three-dimensional
electrode structures can increase the electrode surface area, and improve the rate of
electrochemical reactions, and sensitivity. Finally, with the advent of the intelligent
era, future electrodes can be integrated with intelligent chips and other technologies
to achieve higher-level signal processing and data analysis, thereby improving the
intelligence and reliability of the sensor. In conclusion, the application prospects of
electrochemical biosensors in the field of drug detection are broad and will become
one of the important research directions in the future of drug detection.
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Chapter 7 ®)
Electrochemical Biosensors for Amino Check for
Acids Detection

Yanyan Wang, Li Dai, Cihui Luo, Yidan Tu, Xugang Wang, and Yu Huang

Abstract Amino acids are important compounds in life and are the basic units that
makeup proteins. The detection of amino acids and their metabolites is of significant
importance for the diagnosis of diseases and the progress of life activities. Various
approaches have been established for the detection of amino acids, among which
electrochemical detection methods are highly sensitive, fast simple to operate, and
very attractive. This chapter focuses on the applications of electrochemical biosensors
for amino acid detection, including qualitative and quantitative analysis of amino
acids, as well as the identification of chiral amino acids, with identical molecular
structures. The powerful capabilities of electrochemical biosensors for amino acid
detection are demonstrated.

Keywords Amino acids - Electrochemical biosensors + Non-derivatization
analysis + High sensitivity - Specificity

7.1 Introduction

7.1.1 Amino Acids

Amino acids are the building blocks of life because they have two essential roles: they
form the structural units of proteins, which are macromolecules that perform various
biological functions, and they participate in metabolic pathways that regulate cellular
processes [1, 2]. Each amino acid molecule contains at least one carboxyl and one
amino group, and the side chains in the molecule determine their physicochemical
properties. Among them, the most common is the a-amino acid, which contains a
primary amine and a carboxylic acid attached to the same carbon atom, facilitating
the formation of an amide or peptide bond (Fig. 7.1) [3].
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Fig. 7.1 The naming of amino acids. Each amino acid molecule contains at least one carboxyl and
one amino group, and the side chains in the molecule determine their physicochemical properties.
(Reproduced with permission from Ref. [3]. Copyright 2021 Royal Society of Chemistry)

Amino acids can be classified into two categories, namely essential and non-
essential amino acids. Essential amino acids are indispensable as they cannot be
manufactured by the body and must be provided through dietary sources or amino
acid supplements. Conversely, non-essential amino acids can be synthesized naturally
by the body. There are 20 common amino acids, which are Glycine (Gly), Alanine
(Ala), Valine (Val), Leucine (Leu), Isoleucine (Ile), Phenylalanine (Phe), Tryptophan
(Trp), Tyrosine (Tyr), Aspartate (Asp), Histidine (His), Asparagine (Asp), Glutamate
(Glu), Lysine (Lys), Glutamine (Gln), Methionine (Met), Arginine (Arg), Serine
(Ser), Threonine (Thr), Cysteine (Cys), Proline (Pro) [4, 5].
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7.1.2 Significance of Amino Acid Detection

Amino acids are involved in various diseases such as metabolism, tumor, immunity,
cardiovascular, nervous system, kidney disease diabetes, and various health aspects
of human growth and development, nutritional health, musculoskeletal growth, and
hormone secretion. In addition to revealing the state of amino acid metabolism in
the human body, warning of physiological disorders, and early warning of various
diseases, amino acid testing and analysis can also indicate the state of nutritional
health of the human body and provide guidance and reference for health maintenance,
health care, and treatment [6-8].

Recently, it has been shown that amino acids can act as important molecules with
a significant impact on signaling pathways and metabolic regulation. Amino acid
levels are combined and synchronized at different pathways for the organism, and
these ways work together to ensure overall metabolic homeostasis (Fig. 7.2) [9].
In a study by Mohamad et al., patients with chronic renal failure showed abnormal
levels of several amino acids. The mean serum L-arginine level was lower in 61.9%
of the patients compared to the control group. Patients who had never experienced
thromboembolism had significantly lower glutamate levels and significantly higher
phenylalanine levels than patients who had a history of thromboembolism [10].
Thalacker-Mercer et al. examined the relationship between glucose disposal rate
(GDR) and amino acids by direct measurement. The relationship between GDR
and serum amino acids was found by measuring it in all subjects including insulin
insensitivity, insulin resistance, and type 2 diabetes mellitus (T2DM) patients. Among
them, glycine (Gly) had the strongest positive correlation with GDR, followed by
leucine/isoleucine (Leu/Ile) with a negative correlation. The correlation between
Leuw/Ile and GDR was stronger in male patients with T2DM than in female patients
[11].

7.1.3 Common Methods for Amino Acid Detection

Amino acid analysis is widely used in biochemistry, proteomics, biomedicine, food
science, and other fields. The detection of amino acids has become an important
tool for health diagnosis and disease screening. Currently, amino acid determination
methods can be divided into derivatization and non-derivatization methods.

7.1.3.1 Derivatization Methods of Amino Acid Detection

There are many derivatization methods available for the detection of amino acids
in complex mixtures, but only for a few amino acids with strong chromophores,
fluorophores, or electroactive groups. Currently, there are three main methods
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Fig. 7.2 Amino acid sensing signal integration coordinates organismal levels to maintain overall
metabolic homeostasis. (Reproduced with permission from Ref. [9]. Copyright 2020 Oxford
University Press)

for performing derivatization processes: post-column derivatization, pre-column
derivatization, and capillary derivatization methods [12].

The post-column derivatization methods are used only to increase the detection
capacity of amino acids by absorption fluorescence spectroscopy, without affecting
the previous separation. Positively charged amino acids can be separated on a cation
exchange resin with a progressively higher pH of the mobile phase. When the isoelec-
tric point (pI) of the amino acid under study is reached, the analyte is eluted and
separated. Post-column derivatization is a step that happens after the sample leaves
the column and before it reaches the detector. It saves time by avoiding pre-column
derivatization and does not affect the chromatographic performance [13].

Gas chromatography analytical methods often use pre-column derivatization,
which can be done with one or two substances. In two-step derivatization, the amino
acids are first esterified with alcohols and hydrochloric acid. Then, the non-volatile
intermediates are evaporated and acylated to produce different esters of N-acyl amino
acids. The derivatization can also be done with one substance that reacts with both
the amino and carboxylic acid groups. Pre-column derivatization is considered to be
the most flexible derivatization strategy, because it can be combined with the need
for many extraction or washing steps [14].
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Capillary derivatization is particularly suitable for very small sample volumes. In
most cases, capillary derivatization is achieved by the difference in mobility between
analyte and reagent [15].

7.1.3.2 Non-derivatization Methods of Amino Acid Detection

Direct methods for the analysis of amino acids without derivatization have always
been sought by researchers. Non-derivatization analysis is simple and flexible, and it
also avoids problems such as instability of derivatization and interference of reagents.
The main non-derivatization methods are UV, fluorescence, conductivity, evaporative
light scattering (ELS), mass spectrometry (MS), electrochemistry, and voltammetry.

For amino acids containing aromatic substituents, there is UV absorption at
254 nm. In contrast, the method is less sensitive and has an unstable baseline because
most of its carboxyl groups can only be detected at low UV wavelengths (190-
210 nm). This method can detect UV-absorbing amino acids, histidine dipeptides,
and creatinine in urine, but not all amino acids. It is useful for the chemical diagnosis
of inherited metabolic diseases. Fluorescence detection, similar to UV detection,
can only be used for amino acids with fluorescence properties. The detection limits
range from 12 to 58 ng/mL, depending on the amino acid and how long it stays in the
column. Conventional contact conductivity detectors are versatile for the detection
of charged ions and can be used to detect ions that are not sensitive to UV. However,
contact conductivity detectors are prone to electrode contamination, difficult to clean,
and difficult to detect glutamate. The non-contact conductivity detector applies the
AC voltage signal to the detection cell through capacitive coupling, which is more
conducive to the fabrication and use of the device.

ELS detection is widely considered to be the widespread detection technique for
liquid chromatography. It is more widely used for the determination of non-volatile
and non-absorbing compounds above 210 nm because their response is indepen-
dent of their optical properties. The ELS detector measures the light scattered by
the analyte particles when the solvent evaporates as the solution passes through the
beam. The detector can detect all solutes that are less volatile than the mobile phase.
This makes it suitable for the analysis of amino acids without derivatization. In recent
years, MS detection techniques have provided new conditions for the detection of
natural amino acids. The current mass spectra utilized for the analysis of amino acids
in complex biological matrices are coupled with various detection tools, and methods
for the direct analysis of amino acids include ion-pair liquid chromatography-tandem
mass spectrometry (IP-LC-MS), hydrophilic interaction chromatography-mass spec-
trometry (HILIC-MS) and capillary electrophoresis-mass spectrometry (CE-MS). It
can be seen that although MS has the advantage of high accuracy for the detection of
amino acids, its practical application requires the use of multiple methods in tandem.

Electrochemical detection has the characteristics of straightforward instrumenta-
tion, inherent sensitivity, and very high selectivity for high-performance liquid chro-
matography. However, the constant potential current method on traditional carbon-
based electrodes can only distinguish a limited number of amino acids. The sensing
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selectivity of electrochemical high-potential detection is not very high. To this
end, EC baseline drift was minimized by using three tandem detectors (dual UV
detector, fluorescent detector, and several electrochemical detectors equipped with
dual electrodes) and by using microfiber electrodes.

Simple electroanalytical techniques such as voltammetry are mainly used for
stationary solutions. Three amino acids, namely tryptophan, tyrosine, and cysteine
(and homocysteine), which are readily oxidized on most electrode materials, can
be used for voltammetric analysis. Carbon-based materials are widely used for elec-
trodes, such as glassy carbon, graphite, carbon nanotubes, and boron-doped diamond.
Copper and platinum electrodes are also common. These electrodes can be used
directly or revised with numerous forms of redox media or adsorbents to improve
their catalytic activity. Modified electrodes can also show selectivity in the assay,
while detection on unmodified electrodes (e.g., carbon nanotubes) is achieved by
their specific properties or by using multivariate analysis methods.

7.2 Application of Electrochemical Biosensors for Amino
Acid Detection

Amino acids are essential compounds in human life. Any abnormal fluctuations in
the physiological level of amino acids are usually manifested in familiar metabolic
disarrays, severe neurological diseases, and cardiovascular diseases. Therefore, the
design and determination of amino acids is significant for effective clinical diag-
nosis. Currently, several amino acid assays have been developed, among which elec-
trochemical assays are highly sensitive, fast, and simple to operate, and have good
detection of both essential and non-essential amino acids for the human.

7.2.1 Electrochemical Biosensors for Essential Amino Acid
Detection

It is generally believed that there are eight essential amino acids in the human
body, including Met, Val, Lys, Ile, Phe, Leu, Trp, Thr. In recent years researchers
have reported some work on the use of electrochemical sensors for the detection of
essential amino acids.

Methionine is an essential amino acid, which is the basis of tissue functionality
such as cell metabolism and immune cell production. The lack of methionine can
result in diseases AIDS, Parkinson’s disease, and other diseases, so the clinical and
physiological research on methionine is of great significance. Hun et al. developed an
electrochemical biosensor for the discovery of Met using MoS,-modified electrode.
The means are simple, rapid, selective, sensitive, and low cost. The reliability and
application potential of this method for the detection of methionine were evaluated,
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and the concentration of methionine in human serum samples and other practical
samples was determined. The results show that the recovery rate is 95.0-100.4% and
the relative standard deviation is 3.7-4.4%. Experiments show that the biosensor can
effectively detect and quantify methionine in real samples [16].

Tuma et al. determined plasma levels of Val, Ile, Leu, ala-9, and Glu by capil-
lary electrophoresis and contactless conductivity. A novel covalently covered capil-
lary on account of polyacrylamide and (3-acrylamidopropyl) trimethylammonium
chloride was used. Baseline separation of all five amino acids from other plasma
mixtures was attained by separation of amino acids in counter-current condition,
where analyte migration under counter-current electroosmotic flow was achieved.
The results showed detection limits of treated and untreated samples were 0.13-0.14
and 0.50-0.58 pmol/L, respectively. This means can be used to test venoarterial
amino acid variances in hyper-insulinemia cachectic patients [17].

Chauhan et al. immobilized lysine oxidase on core—shell magnetic nanoparti-
cles (core—shell MNPs) / multi-walled carbon nanotubes (MWCNT) films on gold
electrodes by carbodiimide bonds to prepare an amperometric lysine biosensor. The
linear detection range of the electrochemical biosensor is 0.05-700 uM, and LOD
is 0.05 wM. This showed that there was a great connection between the lysine level
determined by this method and the serum lysine level determined by standard high-
performance liquid chromatography (r = 0.98), and the other substances in the serum
were almost undisturbed. This biosensor will be used to detect lysine in the food and
pharmaceutical industries [18].

Singh et al. developed a new gene-encoded nanosensor that uses the periplasmic
binding protein of E. coli sandwiched between two fluorescent proteins, ECFP and
Venus, to measure isoleucine levels in living cells. The biosensor name possesses pH-
stable and isoleucine-specific binding properties. The biosensor successfully moni-
tored isoleucine in bacteria and yeast cells in real-time, thus establishing its biocom-
patibility for the regulation of isoleucine in living cells. As well as its applicability
in understanding the potential function of isoleucine receptors in metabolic moni-
toring, it can also be employed in the metabolic production of bacteria to improve
the manufacture of isoleucine in the animal fodder industry [19].

With the progress of flexible electronics and micro/nanofabrication technology,
wearable devices with the preponderance of great sensitivity, great integration, and
lightweight have attracted wide attention [20]. Due to good fit and high sensitivity,
the wearable devices can conduct all-round, multi-angle, and multi-level collection
for special patients. By analyzing the signals collected by the wearable devices, the
patient’s indicators can be monitored in real time. Patients with Phenylketonuria
(PKU) lack the capability to metabolize L-phenylalanine (PHE), which accumulates
in large quantities in the brain and leads to varying degrees of psychiatric illness.
A wearable screen-printing electrode has been developed by Wael’s team to quan-
titatively detect PHE in saliva and serum samples [21]. The electrode surface was
modified with Na 1,2-naphthoquinone-4-sulphonate (NQS) and Nafion layer. PHE
reacted with NQS to produce an electroactive product, the electroactive product
was oxidized on the superficial of the carbon electrode to produce specific electro-
chemical signals, and the electronegative NQS achieved satisfactory results against
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charged interferents. The PHE concentration was measured by the characteristic elec-
trochemical curve of the electrode, and the device showed a range of 20-1000 uM
in the buffer, with a LOD of 3.0 wM. The screen-printed electrode can also directly
detect PHE in undiluted saliva and undiluted serum without specimen preprocessing
(Fig. 7.3a). With the popularity of smart devices, the use of smartphone-assisted field
detection has aroused wide attention. As Fig. 7.3b schemed, Arduini et al. developed
an electrochemical device that can be used to detect L-Tyrosine (Tyr) in serum [22].
The device is composed of screen-printed electrodes and smartphone potentiostat,
which has the characteristics of low price, easy to operate, and convenient to carry.
The screen-printed electrode is based on graphene and coated with carbon black
(CB). CB can improve the electron transfer capability of redox probe Fe(CN)g]*~/3~
couple to improve the sensitivity of detection. After connecting the portable poten-
tiostat EmStat3 Blue to a smartphone, then potentiostat is used to detect electrodes
loaded with test samples, and the concentration of Try can be judged by the size of
the electric signal. The electrode had a detection range of 30-500 M, with a LOD of
4.4 uM in Try standard solution, and was equally reliable in real serum, with results
comparable to those obtained by conventional HPLC.

Liu et al. developed a new electrochemiluminescence (ECL) sensor for the first
time, which immobilized Ru(bpy);** using dendritic palladium nanoparticles as
support. The electrochemical and electro-chemiluminescent activities of immobi-
lized Ru(bpy)s>* were explored. Leucine level detection was achieved by the revised
electrode exhibiting an enhanced electrocatalytic reply to the oxidation of derived
leucine generating sensitized ECL signals. In addition, the present ECL sensor shows
long-term stability and specificity only for leucine [23].

7.2.2 Electrochemical Biosensors for Non-essential Amino
Acid Detection

Non-essential amino acids do not mean that the body does not need these amino
acids, but that the body can obtain them through its own synthesis or conversion
from other amino acids, not necessarily from food. The intake of a few non-essential
amino acids can also impact the requirement of essential amino acids.

Glutamate is the chief excitative neurotransmitter in the central nervous system
of vertebrates, excessive Glu can result in excitotoxicity and neurodevelopmental
disorders. Therefore, it’s significant to accurately detect and monitor the level of
glutamate in biofluids. At present, electrochemical biosensors can provide imme-
diate, low-cost, and constant monitoring of Glu in biofluids [24]. Windmiller et al.
designed a platinum/platinum bimetallic oxide microneedle array biosensor, which
can be used for electropolymerization interception of Glu oxidase in PoPD film [25].
The quantification of Glu in undiluted human serum specimens was evaluated. The
experimental results showed high sensitivity (Sx = 8.077 wM) and low deviation
(RSD = 6.53%). And high-fidelity Glu measurement with LOD as low as 10 pM
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Fig. 7.3 The wearable and device portable for detecting amino acids. a The schematic graph of the
paper-based sampling with the impregnated paper on the wearable device, and the response curve
of an electrical signal and the concentration of PHE. b Smartphone-assisted electrochemical device,
and the detection of various Try concentrations based on this device. (Reproduced with permission
from Ref. [21, 22]. Copyright 2022 Elsevier)

was obtained. The existence of PoPD film achieves high sensitivity, stability, and anti-
interference. Ma et al. established a non-enzymatic electrochemical biosensor for the
determination of Glu using chitosan-based foam carbon as an electrode [26]. The
sensitivity is 1.9 x 10* wA/mM-cm?, the linear detection range is 0.001-1000 M,
and LOD is 0.001 pM., 200 wM Glu solution (150-300 uM Glu in whole blood)
was used to simulate the environment of Glu in blood. The meddling experiments
were carried out when different interfering substances were added at the same time
with a high concentration of 50 uM (DA, AA, UA, etc.) (Fig. 7.4). The results show
that the sensor has ideal anti-interference ability, long-lasting stability and even
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Fig. 7.4 Anti-interference and selective detection of glutamate in blood. (Reproduced with
permission from Ref. [26]. Copyright 2022 Multidisciplinary Digital Publishing Institute)

meet the detection requirements of plasma, serum, whole blood, and other clinical
environments.

Asparagine is a sign of brain impairment during severe stroke, and its anoma-
lous concentration in blood is usually related to Parkinson’s disease. So asparagine
monitoring in biofluids is a brook no delay problem. Hermans et al. demonstrated
a strategy of combining the biological nanopore cytolysin A (Cly A) with portable
electronic devices, and developed a new electrochemical sensor that can quantify
metabolites in real time and accurately from nanoliters of blood [27]. The method is
easy to use, no sample preparation, and can continuously monitor the concentration
of asparagine. In the experience, SBD1 was selected as the substrate (only asparagine
was recognized but not glucose). When asparagine was added to the reverse side of
the nanopores, it led to an extra current level corresponding to the closed formation
of SBD1, and the concentration of asparagine in serum can be calculated. Compared
with high-performance liquid chromatography combined with fluorescent detection,
it was found that the two results were similar (Fig. 7.5). This confirms the accuracy
of the technology.

Glutamine is a significant energy in the human. It supplies 60% of the amino acids
in muscles, accounting for 20% of the body’s total amino acid cycle. The level of
glutamine in body fluid is closely associated with the state of many diseases, so the
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Fig. 7.5 Binding of asparagine to substrate SBD1 (recognition only of asparagine). (Reproduced
with permission from Ref. [27]. Copyright 2018 Springer Nature)

monitoring of glutamine is very necessary. Karaku et al. prepared a novel glutamine
electrochemical biosensor using self-made zinc oxide nano-rods and chitosan as
carriers [28]. In the experiment, the sensor was immersed in a phosphate buffer
solution containing a serum sample, adding glutamine solution, and the Lineweaver—
Burk curve of potential value and an additional amount of glutamine solution was
obtained. The linear detection range of the biosensor is 1 x 101 x 1077 M. It has
the advantages of long life, good stability, and can be easily applied to the detection
of glutamine.

As Fig. 7.6a described, an extremely selective and reproducible electroanalytical
approach for Histidine (His) was established by Wang and colleagues [29]. They used
Benzenetricarboxylic acid (BTC) as a ligand precursor to fabricate copper metalor-
ganic frameworks (Cu MOFs), and the fabricated Cu - BTC MOFs were modified
on the electrode to detect His. In the electrochemical test, Cu0/CuCl will undergo
a redox reaction. After the addition of His, CuCl and His will bind specifically to
form Cu-His complex, solid CuCl will have a sharp and extremely stable oxidation
peak at —0.020 V. As a result, the concentration of his can be known by testing CuCl
oxidation current. This strategy can have a wide detection range in His buffer solution
and blood. The LOD of His buffer solution was about 0.025 mM, and the LOD of
blood was about 0.125 mM. Li et al. combined Polydimethylsiloxane (PDMS) and
Zeolite imidazole framework (ZIF) and used them to modify glassy carbon electrode
to prepare an anti-interference self-cleaning electrode [30]. When combined with a
simple ratio measurement method, Adrenaline (Adr), Serotonin (5-HT), and Trypto-
phan (Trp) possessed unique redox potential at the electrode, thus the device could
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Fig. 7.6 The electronic sensors for detecting amino acids. a Cu-BTC MOFs modified electrode in
the buffer and blood generated electrical response signal and His concentration calibration curve.
b The DPV voltammograms for concurrent detection of Adr, 5-HT, and Trp based on fabricated
electrodes. ¢ The preparation and recognition process of MIS template for L-Asp identification.
(Reproduced with permission from Ref. [29]. Copyright 2019 Royal Society of Chemistry, Repro-
duced with permission from Ref. [30]. Copyright 2019 American Chemical Society, Reproduced
with permission from Ref. [32]. Copyright 2019 Elsevier)
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detect three substances simultaneously. As shown in Fig. 7.6b, the corresponding
detection ranges of Adr, 5-HT, and Trp were 1.0-60 uM, and LODs were 0.13 uM,
0.03 puM, and 0.5 pM, respectively. The strategy was also reliable in rat blood
samples. Recognition of chiral amino acids is of great significance to basic research,
many researches have focused on chiral recognition of amino acids in recent years
[31]. Chen et al. fabricated a molecularly imprinted sol-gel (MIS) membrane with
an imprinting cavity by compounding sol—gel technology with molecular imprinting
technique, and an electrochemical chiral sensor for aspartic acid (Asp) was obtained
by modifying the surface of a glassy carbon electrode (GCE) with MIS membrane
[32]. Due to the reduction of copper ions on the electrode, the electrode can produce
specific electrical signals for specific pairs of molecules. The electrochemical test
results obtained by square-wave stripping voltammetry (SWSV) showed that the
sensor showed satisfactory adsorption capacity for L-Asp derivatives, and the recog-
nition efficiency was 2.1. At the same time, the MIS sensor realized the quantitative
detection of L-Asp, with a LOD of 1.77 mM (Fig. 7.6¢c).

Wang et al. introduce a novel electrochemical sensor that can measure the amount
of glycine in various biological fluids. The sensor is based on a new quinone protein
that specifically catalyzes the oxidation of glycine. The catalytic process involves
the redox conversion of Prussian blue when hydrogen peroxide is produced by an
enzyme reaction. The study was carried out by efficiently encapsulating the quinone
protein in a chitosan matrix and adding an outer Nafion layer of organisms behind
it to achieve optimal tailoring of the sensor and thereby suppressing matrix interfer-
ence. In addition, the rapid response (<7 s), satisfactory reversibility, reproducibility,
and stability (<6% variation) and wide linear response range (25-500 wM) of this
biosensor enable the monitoring of healthy (and even unhealthy) physiological levels
of glycine in blood, serum, urine, and sweat. In six real sample assays, validated
by commercially available fluorescent kits, the variation was less than 9% for all
samples. The unique analytical performance of this new glycine biosensor will be
used in a wide range of clinical applications [33].

A microneedle (MN)-based biosensor was used to detect intradermal glycine
(Gly) in interstitial fluid (ISF). The sensor detects Gly levels through the formation
of hydrogen peroxide in the reaction between an externally tailored MN tip and
a quinone protein-based Gly oxidase. This MN biosensor has a rapid responsive
time (<7 s); good reversibility, reproducibility, and stability; and extensive dynamic
ranges (25-600 M) of analytical performance. Moreover, the MN biosensor is
highly selective for Gly, and the response is unaffected by temperature, pH, or skin
insertion. Authenticated intradermal examinations of Gly were gained at the in vitro
(with rat skin slices), in vitro (in vivo tests in euthanized rats) and in vivo (in vitro
measurements in anesthetized rats) levels, enabling a dependable, immediate strategy
for intradermal Gly measurement in ISF through a slightly invasive method (Fig. 7.7)
[34].

A simple and precise magneto electrochemical sensor capable of ultrasensi-
tive distinction of chiral D-amino acids (D-AAs) has been developed. Controllably
prepared Fe;O, @ Au@ Ag@Cu,O nanoparticles (NP) (x = 1, 2) were used as elec-
trochemical beacons. The sensor could detect D-alanine (D-Ala) enantiomers in the
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Fig. 7.7 Schematic of intradermal glycine measurement with a wearable microneedle biosensor.
(Reproduced with permission from Ref. [34]. Copyright 2022 American Chemical Society)

range of 100 pM-10 M by using plasma metal NPs that enhanced the electron
transfer efficiency. Besides, the limit of detection (LOD) is 52 pM (Fig. 7.8) [35].
Wen et al. constructed a photoelectrochemical biosensor based on a fiber optic
probe that enables distant measurement of cysteine. In the miniaturized device, the
analyte reacts with the fiber optic probe that serves as a working electrode. The
probe also guides the light accurately to the target location. The diffusion-controlled
electrochemical reaction of cysteine at the working electrode surface enables its quan-
titative detection. The fiber-optic-based cysteine biosensor showed a linear response
in the detection range of 0.01-1 WM with a regression coefficient (R?) of 0.9943 at a
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Fig. 7.8 Schematic diagram of Fe3;04@Au@Ag@Cu,O NPs magneto electrochemical chiral
sensor designed to detect D-Ala. (Reproduced with permission from Ref. [35]. Copyright 2020
Elsevier)
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Fig. 7.9 Schematic diagram of the probable mechanism of the developed PEC biosensor.
(Reproduced with permission from Ref. [36]. Copyright 2023 Elsevier)

bias voltage of 0 V. The measurement of cysteine in spiked artificial urine was also
achieved (Fig. 7.9) [36]. The examination of different amino acids is summarized in
Table 7.1.

7.3 Conclusions

Amino acids, known as the cornerstone of life, are of great significance in their
detection. The electrochemical biosensor has good selectivity, high sensitivity, and
fast and simple operation, which is attractive in amino acid detection. In this chapter,
we describe the information about amino acids and the application of electrochem-
ical biosensors for amino acid detection. It has been shown that electrochemical
biosensors are effective for both essential and non-essential amino acids, enabling
qualitative and quantitative analysis of amino acids. Moreover, accurate amino acid
detection can still be achieved in complex matrices such as blood and plasma. In
addition, it has been shown that real-time and remote detection can be achieved
using electrochemical biosensors, which provides a basis for the wide application
of electrochemical biosensors. However, most of the current research is still limited
to the basic laboratory research stage, and there is still a certain distance from the
application to clinical testing. In the process of detecting complex biomarkers, their
sensitivity and stability are not up to the expected effect, and it is not yet adaptable to
various complex biological environments. Therefore, it is still a challenge to further
reduce the detection limit of amino acid detection, improve the sensitivity of sensors,
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Table 7.1 The summary of the different amino acids detection

Y. Wang et al.

Sample Classification | Detection strategy | Linearity Limit of Literature
range (WM) | detection | resources
{rM)

Methionine Essential Electrochemistry | 100-1 0.00003 Ref. [16]
amino acid

Lysine Essential Electrochemistry | 0.05-700 0.05 Ref. [18]
amino acid

Isoleucine Essential Electrochemistry | 0,096-1493 |/ Ref. [19]
amino acid

Phenylalanine | Essential Electrochemistry | 20-1000 3 Ref. [21]
amino acid

Tyrosine Essential Electrochemistry | 30-500 44 Ref. [22]
amino acid

Leucine Essential Electrochemistry | 3.0-182 1 Ref. [23]
amino acid

Glutamate Non-essential | Electrochemistry | 0.001-1000 | 0.001 Ref. [26]
amino acid

Glutaminc Non-csscntial | Electrochemistry | 0.1-10 / Ref. [28]
amino acid

Hislidine Non-essential | Electrochcmistry | 0.5-128 125 Ref. [29]
amino acid

Tryptophan Non-essential | Electrochemistry | 1-60 0.5 Ref. [30]
amino acid

Asparagine Non-essential | Electrochemistry | 10-1000 1770 Ref. [32]
amino acid

Glycine Non-essential | Electrochemistry | 25-600 7.9 Ref. [34]
amino acid

Alanine Non-essential | Electrochemistry | 0.0001-10 0.000052 | Ref. [35]
amino acid

Cysteine Non-essential | Electrochemistry | 0.01-1 0.00317 Ref. [36]
amino acid

and achieve stable detection in complex biological environments. With the contin-
uous improvement of related technologies and the unremitting efforts of scientific
and technological workers, it is believed that these problems will be gradually solved
in the near future, and electrochemical biosensors will also play a crucial part in the
practical application of biomedicine, diagnosis and so on.
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Chapter 8 ®)
Electrochemical Biosensors for Nucleic Geda
Acids Detection

Wenjing Chu, Mengyu Yang, Meihua Lin, and Fan Xia

Abstract The highly sensitive and selective detection of nucleic acids in clinical
samples is of great significance to the diagnosis and prognosis of diseases. Electro-
chemical biosensors have been widely used in nucleic acid detection due to their
advantages of fast response, simple operation, and low cost. In this chapter, we
summarize the progress of electrochemical biosensors using one-dimensional, two-
dimensional, and three-dimensional probes for nucleic acids detection, aiming to
provide general guidance for the design of electrochemical detection methods for
nucleic acids in complex matrices, such as whole blood. We also discuss the limi-
tations and challenges in each kind of probe in terms of sensitivity, selectivity, and
anti-fouling, providing ideas for further development of electrochemical biosensors
for nucleic acid detection in complex matrices.

Keywords Electrochemical biosensor + Nucleic acid + DNA nanostructure *
Complex matrices

8.1 Introduction

With the development of genomics, transcriptomics, proteomics, and molecular
pathology, more and more nucleic acids related to the occurrence and development of
tumors have been discovered [1]. Tumor nucleic acid markers can be used for tumor
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classification, tumor progression monitoring, and prognosis evaluation. Moreover,
pathogens and viruses that cause infectious diseases can be quickly and specifically
identified by their nucleic acids, and molecular-level information on cancer and
other diseases can be collected by sequence-level analysis [2]. Thus, the application
of nucleic acid detection, as a kind of promising biomarkers, in disease analysis and
diagnosis is of vital significance. However, it is challenging to specifically detect
nucleic acids in clinical samples, due to the low concentration of target nucleic
acids in the complex matrices (Fig. 8.1). For example, as a promising liquid biopsy,
circulating tumor DNA (ctDNA) is released from tumors into circulation, and the
concentration is as low as 0.01% of the total cell-free DNA (1-1 000 ng/ml in plasma)
at the early stage of cancer [3]. And the sequences of microRNAs (miRNAs) involved
in the origin and development of diseases are highly similar to their family members,
which brings difficulties to their detection [4]. Therefore, the methods for the detec-
tion of nucleic acids must be extremely sensitive and specific in order to apply for
early diagnosis of the disease [5].

Polymerase chain reaction (PCR) is the gold standard for gene expression quantifi-
cation and the most classic method used to detect nucleic acids in clinical medicine.
PCR can directly amplify any fragment of DNA sequence, while PCR for the detec-
tion of RNA sequence often requires the process of reverse transcription before
exponential amplification [6]. Although PCR test is sensitive and specific, it still has
some drawbacks, such as high cost, complex primer design, long detection time, and
the need for laborious procedure which makes the PCR technique unable to detect
nucleic acids at home or at a point-of-care location. Therefore, researchers have made
great efforts to develop simple and sensitive nucleic acid detection platforms [7].

Nucleic acid analytes

Circulating tumour DNA

Bacterial nucleic acid

Viral nucleic acid

miRNAs

fg/L pg/L ng/L ug/L

Fig. 8.1 Reference ranges for clinically relevant nucleic acids. (Reprinted with the permission from
Ref. [5] Copyright 2016 American Chemical Society)
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Electrochemical biosensors are recognized as promising candidates for nucleic
acid detection due to their simple operation, fast response, high sensitivity, low cost,
miniaturization, and intelligence [8]. Due to the low abundance of target nucleic acids
and the high number of proteins and blood cells in clinical samples, the development
of electrochemical biosensors must not only achieve clinically relevant sensitivity and
specificity, but also be resistant or insensitive to biofouling [9]. The electrochemical
biosensing interfaces play a vital role in the interactions between recognition probes
and target nucleic acids. Thus, many strategies for engineering the interfaces have
been proposed for improved target nucleic acids hybridization and decreased nonspe-
cific adsorption. As an appealing probe, DNA nanostructures with various shapes
have been constructed and applied for electrode surface engineering to improve elec-
trochemical biosensor performance [10]. Herein, in this chapter, we will highlight
DNA nanostructures from one dimension to three dimensions for engineering the
electrochemical interfaces to detect nucleic acids in complicated matrices, which
have been published in the past decade. It is well known that there are various DNA
nanostructures have been employed in electrochemical biosensors for the detection
of nucleic acids, such as one-dimensional (1D) probes, two-dimensional (2D) probes
[11], and three-dimensional (3D) probes [12], as shown in (Fig. 8.2).

8.2 Design Principles of Electrochemical Biosensors
for Nucleic Acid Detection

In general, electrochemical biosensors consist of two parts. One part is the sensor
element consisting of the recognition probe and the interface. The other is an elec-
tronic system consisting of signal amplifiers and displays that can output signals in
different modes, such as volt-ampere/current type, conductance type, and impedance
type [13]. In nucleic acid electrochemical biosensors, biological receptors are usually
DNA probes with different structures, which are often immobilized on substrates
that are capable of conducting electrical signals, such as electrodes, nanoparti-
cles, and nanowire arrays. Based on how the target nucleic acids interact with the
capture probes and the reporting probes, nucleic acid electrochemical biosensors
can be divided into three strategies: direct type, competitive type, and sandwich type
(Fig. 8.3). In direct mode, there are two kinds of detection methods. One is label-free
detection, in which capture probes without labeled redox are immobilized on the
electrode surface via covalent or non-covalent interaction. After target nucleic acids
hybridization, both the surface steric hindrance and negative charges are increased,
which can be detected directly by the impedance technique, or the changed signal can
be generated by adding electroactive indicators that can bind to DNA. The common
electroactive indicators are methylene blue (MB), ferrocene (Fc), toluidine blue, or
some metal complexes like hexaammineruthenium (IIT) chloride (RuHeX) [14]. The
other is labeled redox electrochemical assay, in which capture probes labeled with a
redox are also fixed on the electrode surface. Due to the flexibility of single-stranded
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Nucleic Acid
Probes for
j Electrochemical
= Biosensor

Fig. 8.2 Schematic of DNA nanostructure probes with different dimensions for electrochemical
interface engineering

DNA (ss DNA), the collision chance between the electrode and the terminal redox
label is great, resulting in a relatively large signal. While the double-stranded DNA
(ds DNA) is formed after targeting nucleic acid hybridization, which is rigid and
brings the redox moiety far away from the electrode surface, thereby reducing the
signal. Compared to label-free detection, the labeled-redox electrochemical assay is
more sensitive and often used for real-time measurements in complicated matrices,
even in vivo.

The competition pattern and the sandwich pattern are two other complex recog-
nition patterns that require the introduction of a third sequence in addition to the
capture probe and target nucleic acid. In the competitive mode, capture probes prehy-
bridize with partly complementary DNA which is often modified with a redox-active
reporter, producing an electrochemical signal. In the presence of target nucleic acids,
capture probes will hybridize with target sequences and release the labeled sequences
through displacement reaction, causing a decreased signal. Thus, competitive assays
are common “‘signal-off”, which is prone to false positives in a complicated environ-
ment. In the sandwich mode, target nucleic acid acts as a bridge to hybridize with a
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Fig. 8.3 Principle of electrochemical biosensor and three recognition strategies for target nucleic
acids

capture probe and a signaling probe. The signal DNA probe can be used as an ampli-
fication template to achieve signal amplification, further improving the sensitivity of
biosensors [13].

8.3 Biosensors with DNA Nanostructures Probes

8.3.1 1D DNA Probes

As the simplest recognition probe, the ss DNA probe has been widely immobilized
on the electrode surface for analytes detection. Ideally, DNA probes should adopt
an upright orientation and have a tunable distance between the neighbor probes on
the surface, which is critical for target recognition. However, due to the flexibility
of ss DNA, the strong interstrand entanglement and the non-specific interactions
between bases and the substrate, such as nitrogen atoms and the gold surface, often
occur, which largely restricts the performance of DNA sensors [15]. Many molecules
have been introduced into the surface to reduce the nonspecific interactions, and
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improve the stability of the sensors and the resistance to biological contamina-
tion, such as 6-mercapto-1-hexanol (MCH), phorsphorycholine (PC), sulfopropy-
Imethacrylate potassium (SP), and bovine serum albumin (BSA). MCH that can be
self-assembled on a gold electrode surface formed as a monolayer is one of the most
used block molecules at electrochemical nucleic acid sensors [16]. Although MCH
can displace the nonspecific adsorption of capture probes to increase the accessibility
of target nucleic acids, the sensors suffer from severe baseline drift when challenged
in complex matrices [17]. Thus, Li et al. have reported a cell membrane-mimicking
monolayer on the gold electrode surface by PC head groups to resist protein and cell
fouling, which can reduce the baseline drift and improve the stability of sensors in
real-time measurement in whole blood [18].

8.3.1.1 ss DNA Probes

Polymer antifouling is a rapidly growing chemical antifouling strategy [19]. As one of
the polymers, polyethylene glycol (PEG) has been used to construct antifouling inter-
faces for electrochemical biosensors. For example, as shown in (Fig. 8.4A), Luo et al.
developed antifouling nanofibers by grafting PEG polymer onto polyaniline (PANI)
nanofibers detecting breast cancer susceptibility gene (BRCA1). They showed that
the electrochemical sensors could detect target DNA in BSA, human serum albumin
(HAS), immunoglobulin G, and hemoglobin matrices. And this biosensor based on
the PEGylated PANI nanofibers supported the quantification of BRCA1 in human
serum, indicating great potential application in clinical samples [20]. Based on the
antifouling properties of PEG, the research group also developed glycosaminoglycan
and PEG-coated magnetic nanoparticles for the detection of human papillomavirus
(HPV). The magnetic nanoparticle-based electrochemical biosensor has excellent
antifouling performance in 10 mg/mL BSA, bacteriophage, and 100% milk (about
30 mg/mL protein). And it has been successfully used for rapid and direct detection
of HPV virus DNA in 100% serum [21]. Thus, the backfilling of molecules on the
electrochemical DNA sensors can improve the sensing performance, especially in
complex matrices.

Physical antifouling is another antifouling strategy, which can change the rough-
ness and wettability of the electrode surface. There are three methods to achieve
physical antifouling, including engineering design to prevent the adsorption of pollu-
tants, using directional flow to effectively reduce pollutants reaching the electrode
surfaces [22], and constructing nanoporous structures to implement size limitation
and filtration to minimize electrode pollution [23]. Among them, the construction
of nano-porous structures is a simple and effective method that is easy to imple-
ment in batch. Seker et al. reported a novel approach using a multifunctional matrix,
nanoporous gold for nucleic acid detection (Fig. 8.4B). The nanoporous gold elec-
trodes modified with DNA probes can sensitively and selectively detect target DNA
in fetal bovine serum (FBS) containing interfering DNA fragments [24]. Although
the adding molecules and physical design can improve the stability and the resis-
tance to non-specific adsorption, the process is complicated and the monolayer of
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Fig. 8.4 Typical 1D ssDNA probe electrochemical biosensor for detection of nucleic acids in
complex matrices. A Introducing polymer antifouling strategy for the detection of BRCA1 in human
serum. (Reprinted with the permission from Ref. [20] Copyright 2017 American Chemical Society)
B Using a physical antifouling strategy for the detection of complementary DNA in FBS. (Reprinted
with the permission from Ref. [24] Copyright 2016 American Chemical Society)

the capture probe on the electrode surface is heterogeneous. To solve these concerns,
Liu’s group has reported electrochemical biosensors for bacterial 16S rRNA detec-
tion based on the intrinsic affinity of consecutive adenine nucleotides (polyA) for
gold surfaces [25-27]. All adenines in polyA, independent of the length, can block
nearly all of the adsorption sites on the gold surface, thus preventing nonspecific
binding of the recognition probes to the surface [28, 29]. The recognition probes
can adopt an upright orientation that is favorable for target hybridization. And the
fully covered surface can resist the nonspecific adsorption of protein and blood cells.
Thus, polyA-mediated electrochemical biosensors are suitable for the detection of
nucleic acids in complex matrices.

8.3.1.2 Hairpin DNA Probes

Typically, hairpin probes are ss DNA with a stem-loop structure. Compared to ss
DNA, hairpin DNA is more rigid and can prevent interstrand entanglement. The
step-loop structure can switch into ds DNA after hybridization with complementary
target nucleic acids [30]. Based on this, Fan et al. developed the first electrochemical
DNA (E-DNA) sensor in 2003 [31]. The hairpin DNA was dually modified with a
thiol group (for immobilization at the gold electrode surface) and a redox moiety (for
signaling). At the initial state, the redox moiety was closed to the electrode surface,
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resulting in a relatively large signal. After hybridization, the conformational change
made the redox moiety far away from the surface, reducing the signal. The first E-
DNA sensor can detect as low as ~30 pM DNA. After that, we have developed the
photoresponsive E-DNA biosensors with tunable dynamic range by using only one
photocleavable capture probe [32]. Although our sensors can span the dynamic range
by UV irradiation, the low detection limitis 1 pM, which may be not sensitive enough
for the detection of some nucleic acid biomarkers. Therefore, hairpin DNA probes
can combine with many isothermal amplification methods for improving sensitivity,
such as catalytic hairpin assembly (CHA) [33], hybrid chain reaction (HCR) [34],
and rolling circle amplification (RCA) [35].

CHA strategies have been explored for the application of electrochemical biosen-
sors to achieve highly sensitive detection of miRNA. Dong et al. established a new
ratiometric electrochemical biosensing platform for ultrasensitive miRNA detec-
tion based on CHA amplification (Fig. 8.5A). The detection limit of the proposed
biosensor is as low as 50 aM, which also exhibits excellent detection performance
in complex serum environments and tumor cell lysates [36].

HCR is an enzyme-free self-assembly strategy that produces long ds DNA struc-
tures. The formed ds DNA structure can be loaded with lots of electrically active
substances to generate amplified electrical signals. For example, Gao et al. combined
a hairpin probe with HCR for the detection of exosomal miRNA (Fig. 8.5B). In this
method, target miRNA can trigger HCR to load more RuHex to increase the electro-
chemical signal. Using this approach, the sensitivity of the electrochemical assay is
greatly improved to 53 aM for miRNA extracted from MCF 7 cells [37].

RCA is also an isothermal amplification method with the assistance of DNA poly-
merase. The product of RCA is a long and repetitive ss DNA which is complemen-
tary to circular template DNA. Thus, due to the programmability of DNA sequence,
RCA products can be customized for subsequent signal amplification [38]. Gao
et al. combined hairpin DNA and RCA products for sensitive detection of miRNA.
RCA triggered by target miRNA and produced tandem periodic oligonucleotides that
could form DNAzyme with hairpin probes. The DNAzyme catalysis reaction rate
and efficiency could be improved due to the multivalent effect between RCA prod-
ucts and hairpin probes, thus achieving the sensitive detection of target miRNA in a
complex practical biological matrix. Thus, it is convenient to combine hairpin probes
on the electrode surface with amplification techniques for the sensitive detection of
biomarkers, however, the process is complicated and time-consuming.

8.3.2 PNA Probes

As asynthetic DNA analog, peptide nucleic acid (PNA) is electrically neutral because
the sugar-phosphate backbone of DNA is replaced by a pseudo-peptide polymer
[39]. Based on this, PNA can hybridize with DNA/RNA with higher stability and
higher specificity [40]. Thus, PNA probes have been widely used in electrochemical
biosensors for improving the sensitivity and specificity in complex matrices. Kelley’s
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Fig. 8.6 Typical PNA probes electrochemical biosensor for detection of ds ctDNA. A Get a mutated
ss DNA from ds ctDNA with the aid of DNA clutch and PNA clamp. B The microelectrodes are
modified with PNA probes for detection of the mutated ctDNA with label-free mode. (Reprinted
with the permission from Ref. [44] Copyright 2016 American Chemical Society)

group has developed a series of PNA-based electrochemical biosensors for various
molecules detections [41-43]. They modified PNA probes on the nanostructured
microelectrodes for the detection of circulating RNAs and ctDNA with label-free
mode. When detection of the mutated DNA sequence from wild-type ds ctDNA, DNA
clutch probes were designed and added into the samples to prevent reassociation of
denatured ssDNA, releasing ssDNA [44]. As shown in (Fig. 8.6A), PNA clamps
were designed to hybridize with the perfectly matched wild-type DNA, remaining
the mutated ctDNA which would be captured on the microelectrode surface by
PNA probes. Due to the uncharged PNA, PNA could rapidly hybridize with target
ctDNA with higher affinity and not attract RuHeX, thereby reducing the background
current and improving the sensitivity and specificity (0.01% mutated DNA can be
detected). Moreover, this PNA-based electrochemical biosensor can directly detect
serum samples to profile the mutational spectrum of a tumor. Zhang et al. also reported
an electrochemical point-of-care testing (POCT) platform based on PNA-modified
carbon-fiber microelectrode [45]. The platform shows a linear range of 10 fM to
1 uM with a detection limit as low as 3.29 fM. PNA probes can improve the sensi-
tivity and specificity of electrochemical biosensors, but the synthesis cost of PNA is
high and the length is usually limited to 24 residues.

8.3.3 2D DNA Probes

Although single-point fixed 1D DNA probe possesses low steric hindrance, some
inherent defects still exist, such as poor stability and uneven distribution on the elec-
trode surface. Therefore, lots of 2D DNA nanostructures were designed and applied
to the construction of electrochemical sensors. These biosensors not only realize the
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effective detection of target molecules, but also have good anti-protein interference
ability. Compared to 1D probes, 2D nanostructures show stronger rigidity and better
stability for construction of electrochemical biosensors. For example, Zhang et al.
have designed a novel 2D DNA nanostructure as an electrochemical platform for
miRNA detection (Fig. 8.7A). The Fe-labeled bipedal 2D nanostructures showed
low steric hindrance and strong stability, which significantly improved the space
utilization rate. Meanwhile, combining 2D nanostructures with toehold-mediated
strand-displacement reactions can recycle target miRNA and achieve signal ampli-
fication. The biosensor showed a linear relationship with the target concentration in
the range of 1.0 fM—10 nM. Although the detection limit is as low as 0.31 fM, the
mechanism of the biosensor is signal-off that is prone to false positives in compli-
cated environments [46]. To improve reliability and precision, Zhou et al. developed
a signal-on electrochemical biosensor using Y-type DNA nanostructures (Fig. 8.7B).
They combined Y-type DNA as a capture probe with a nonlinear HCR for miRNA
analysis. This biosensor has a linear response range to miRNA from 1 fM to 10 pM,
and the detection limit is 0.33 fM. It is worth mentioning that the biosensor showed
high specificity for the detection of target miRNA, and also enabled label-free detec-
tion in serum sample [47]. Therefore, the electrochemical biosensors based on 2D
DNA nanostructures have high sensitivity and specificity for nucleic acid detection,
but the structures in complex matrices are not robust enough to keep their stability.

8.3.4 3D DNA Probes

During the past two decades, we have witnessed rapid progress in the development of
DNA nanotechnology, which provides unprecedented opportunities for developing
electrochemical biosensors [48]. Based on the unique Watson—Crick base-pairing
rules, various DNA nanostructures with well-defined size, shape, and geometry have
been created in a bottom-up manner [49]. In particular, 3D DNA nanostructures, such
as DNA polyhedral, have been readily assembled, which can be fabricated on the
electrode surface to construct electrochemical biosensors. Due to structural stability,
programmability, and natural biocompatibility, 3D DNA nanostructures engineering
the biosensing interface not only effectively control probe orientation, but also have
great potential to resist biological contamination. Therefore, the rational design of 3D
DNA nanostructures is of great significance for improving the sensing performance
of electrochemical biosensors in complex matrices.

As a typical 3D nanostructure, tetrahedral DNA nanostructure (TDN) was first
employed for electrochemical biosensors in 2010 by Fan’s group [50]. TDN was
synthesized from four ss DNA with high yield by one step of thermal denaturation.
TDN can be self-assembled on the gold electrode surface by three thiol groups at
three vertices of TDN, resulting in more stable immobilization. And a capture probe
can be appended at the fourth vertex of TDN. Due to the high mechanical rigidity of
TDN, the capture probes can adopt an ordered upright orientation, which can improve
the accessibility of target nucleic acids and then improve the detection sensitivity.
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Fig. 8.7 Typical 2D DAN nanostructures-based electrochemical biosensor for miRNA detection.
A A novel 2D DNA nanostructure combined with toehold-mediated displacement amplification
for detection of miRNA. (Reprinted with the permission from Ref. [46] Copyright 2018 American
Chemical Society) B Y-type DNA nanostructure combined with a nonlinear HCR for detection of
miRNA (Reprinted with permission from Ref. [47] Copyright 2019 Elsevier)

Moreover, the sizes of TDN can be programmatically regulated based on Watson—
Crick base pairing. Lin et al. constructed a typical electrochemical biosensor based
on TDN with different sizes (Fig. 8.8A). Thus, the distance between neighbor probes
appended at TDN can be precisely tuned by the size of TDN from 2.4 to 12.6 nm.
The sensor performances, including the hybridization efficiency, the hybridization
rate, and the limit of detection can be programmed by simply changing the size of
TDN. The TDN-based electrochemical DNA sensors also possess high selectivity and
stability when detecting target DNA in 50% FBS. However, the employed sandwich
structure of TDN-based electrochemical biosensors requires multiple incubation and
washing steps, which impedes their use in real-time analysis of target nucleic acids
[51]. To solve this problem, Li et al. designed a TDN-based electrochemical sensor
to achieve real-time detection of target nucleic acids in whole blood using direct
detection mode. As shown in (Fig. 8.8B), the capture strand labeled with MB standing
at the top vertex can recognize target DNA, and the assistant strand standing at the
bottom can also bind to targets to bring the label redox in close proximity to the
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electrode surface, improving the signal [52]. After further optimization of the two
functional strands in the TDNs, one-step detection of DNA in the picomolar range can
be achieved in less than 10 min and directly in complex media. Moreover, due to the
stability and the antifouling ability of TDN structure and the presence of three thiol
vertexes for immobilization on the gold surface, the baseline drift of the TDN-based
biosensor can be greatly decreased even after several hours in flowing whole blood
compared to the traditional MCH-based electrochemical DNA sensors. Thus, TDN-
based electrochemical biosensors in a single-step procedure hold great potential to be
employed for real-time monitoring of target nucleic acids in live animals. However,
in this sensor, one target DNA only produces one signal event, and this 1:1 binding
model will limit the detection sensitivity, which can be improved by combined TDN
and signal amplification methods.

Due to the rapid development of DNA technology, many framework nucleic acids
that have well-defined frames and cavities have been designed and constructed [53].
Some other framework nucleic acids besides TDNs have also been used as probes
for electrochemical biosensors. For example, Miao’s group has immobilized regular
and irregular triangular prism DNA nanostructures on the gold electrode surface for
the detection of miRNA [54, 55], SARS-CoV-2 [56], and ctDNA [57]. The triangular
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Fig. 8.8 Typical 3D probes electrochemical biosensor based on TDN nanostructure. A The distance
between neighbor probes appending at the top of TDN can be precisely regulated by varying the size
of TDN. TDN-based electrochemical biosensors can selectively recognize with target DNA in FBS,
without an increase in background signal or a loss in signal gain. (Reprinted with the permission
from Ref. [51] Copyright 2015 Wiley—VCH Verlag GmbH) B An electrochemical platform for real-
time detection of target DNA with high baseline stability in whole blood was realized by rational
design of TDN structure. (Reprinted with the permission from Ref. [52] Copyright 2018 The Royal
Society of Chemistry)
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Fig. 8.9 Schematic illustration of a 3D DNA nanostructure-based electrochemical biosensor for
ctDNA detection by combining triangular prism DNA nanostructures with strand displacement
polymerization reaction (Reprinted with the permission from Ref.34 Copyright 2019 Elsevier)

prism DNA nanostructure is assembled from five ss DNA and can be anchored on
the gold surface by the labeled thiol groups at the bottom of the structure. Due to
the rigid structure and multiple thiol anchors, triangular prism DNA nanostructure
can improve the sensing sensitivity and selectivity, especially in complex matrices.
Moreover, it is easy to combine triangular prism DNA nanostructure-based electro-
chemical biosensors with signal amplification to further improve the sensitivity. As
shown in (Fig. 8.9), they combined the merits of strand displacement amplification
and framework nucleic acid for ultrasensitive detection of ctDNA. After the target
initiated strand displacement polymerization reaction, the generated DNA products
helped the formation of a three-way junction nanostructure on a triangular prism,
which localized the electrochemical species. The sensor can detect ctDNA as low as
48 aM in buffer solution, and also performed well in serum and cell conditions.

8.4 Conclusion and Outlook

With the rapid development of high-throughput sequencing technology, more and
more nucleic acid tumor markers of various types have been discovered. Electro-
chemical sensors as a powerful platform have been widely used for the detection
of nucleic acid tumor markers. In this chapter, we focus on the engineering of the
electrochemical biosensing interface with different DNA probes from 1 to 3D for
the detection of nucleic acids in complex matrices, such as FBS and whole blood.
Although the structures of 1D and 2D DNA probes are simple, the surface density and
the lateral space between probes are difficult to control, which limits the sensitivity
of the electrochemical biosensors. In addition, these sensors suffer baseline drift and
poor robustness in complex matrices. The development of DNA technology offers
unprecedented opportunities for developing DNA-based electrochemical biosensors.
Specifically, the framework nucleic acids with a highly rigid and stable structure can
be self-assembled on the electrode surface, allowing the appending recognized probes
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to keep an upright orientation with controllable lateral distance. And the nuclease
resistance and protein resistance of framework nucleic acids, such as tetrahedral
DNA nanostructure, allow the electrochemical biosensors to real-time detect target
nucleic acids in complex matrices with minimal nonspecific adsorption. Therefore,
3D-based electrochemical sensors can detect nucleic acids with higher sensitivity
and selectivity, even in complex matrices.

Considering the convenience of designing DNA nanostructures with different
sizes and geometric shapes, we envision that DNA nanostructures will be a promising
tool for electrochemical sensors. Programmable engineering of the electrochem-
ical interface with highly ordered DNA nanostructures can improve nucleic acid
hybridization in both thermodynamics and kinetics, which will support ultra-sensitive
detection of nucleic acids for early diagnosis of cancer and rapid screening of
infectious diseases. Thus, we envisage that the sensitivity of the electrochemical
biosensors will in the future be comparable to that of the most sensitive PCR tech-
niques. Moreover, with advances in materials, manufacturing, and nanotechnology,
we believe that electrochemical biosensors can be further improved in terms of detec-
tion accuracy, instrument miniaturization and intelligence, and long-term monitoring
in vivo. We hope that electrochemical biosensors can provide broad prospects for
the diagnosis and treatment of cancer.
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Chapter 9 ®)
Electrochemical Biosensors for Hepatic oo
and Cardiac Biomarkers Detection

Jing Pan, Qitao Zhou, Hui Li, Shaoguang Li, and Fan Xia

Abstract Hepatic and cardiac diseases are two of the main serious diseases
harming people’s health and even life. Electrochemical biosensors, which have suffi-
cient sensitivity, high specificity, simple operation process, and fast response, are
promising in the diagnosis of hepatic and cardiac diseases through the detection
of hepatic and cardiac biomarkers. This chapter outlines the recent development of
electrochemical sensors for the detection of different hepatic and cardiac biomarkers.
Firstly, the biomarkers of different hepatic and cardiac diseases have been listed.
Then, the recent development of electrochemical sensors for the detection of some
typical hepatic and cardiac biomarkers has been introduced. The typical biomarkers
include cardiac troponins (troponin T, troponin I), creatine kinase, C-reactive protein,
and typical hepatitis biomarkers (hepatitis B surface antigen, hepatitis B virus DNA,
hepatitis C virus core antigen). In addition, a discussion and outlook of related
electrochemical sensors on future research direction are also included.

Keywords Electrochemical biosensors + Hepatic biomarkers - Cardiac
biomarkers * Troponins * Creatine kinase - C-reactive protein

9.1 Introduction

The liver and heart are two of the most important organs for humans. Specifically,
the liver as an endocrine organ can produce various systemic factors to coordinate
physiology and metabolism. Heart is the power of the body’s circulatory system.
Hepatic and cardiac diseases can lead to dysfunctions of the human body or even
death. Actually, hepatic and cardiac diseases are two of the leading causes of human
mortalities throughout the world. For example, liver disease and acute myocardial
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infarction account for approximately 2 million and 8.9 million deaths per year world-
wide, respectively [1, 2]. Besides, a potential cross-talk between the liver and heart
has been reported very recently [3]. It indicates an accelerated effect of abnormal
liver function on cardiac aging. Thus, early diagnosis and detection of related risk
factors are crucial to the hepatic and cardiac diseases’ prevention as well as morbidity
reduction.

Biomarkers in blood samples could offer a clear guideline for the risk assessment,
diagnosis, disease evolution analysis, prognosis, and therapy effectiveness evaluation
of hepatic and cardiac diseases [4]. At present, the detection of these biomarkers can
be accomplished by enzyme-linked immunosorbent assay, surface plasmon reso-
nance, fluorescence, colorimetric assay, and chemiluminescence. However, most
of them exhibit a variety of limitations in the detection of hepatic and cardiac
biomarkers, such as limited sensitivity, low specificity, complicated operation, time-
consuming process, high cost, or requirement for sophisticated equipment. Recently,
electrochemical sensors have attracted more and more interest ascribing to their
simple operation process, fast response time, low cost, and easy to be scalable [5]. For
the detection of hepatic and cardiac biomarkers, they can also exhibit both high sensi-
tivity and specificity. Therefore, this chapter introduces the biomarkers of different
hepatic and cardiac diseases as well as the recent development of electrochemical
sensors for the detection of typical biomarkers.

9.1.1 Biomarkers of Myocardial Necrosis/Myocardial
Damage

Myocardial necrosis, for example, acute myocardial infarction, is one of the main
reasons for the global morbidity and mortality. Generally speaking, myocardial
necrosis and myocardial damage are derived from myocardial ischemia and cell
death, which are often caused by atherosclerotic plaques [6]. Currently, the most
commonly used biomarkers in the diagnosis of myocardial necrosis/myocardial
damage in clinical practice (Fig. 9.1) include cardiac troponins, creatine kinase
(CK), myoglobin (Myo), heart-type fatty acid-binding protein and ischaemia modi-
fied albumin (BSA). All of them can be detected with high sensitivity and specificity
by employing electrochemical sensors [7].

It is evidenced that the management of myocardial Necrosis is extremely time
critical and the US National Heart Attack Alert Program has even published a “60 min
to treatment Working Group report” [8]. Consequently, the high sensitivity of the
sensors, which is related to the early diagnosis of related diseases, is highly required
to the effective treatment of myocardial necrosis/myocardial damage.
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Fig. 9.1 The hepatic and cardiac diseases discussed in this chapter and the corresponding
biomarkers

9.1.2 Predictive Biomarkers of Cardiovascular Events

The Cardiovascular diseases (CVD) have complex pathology and implicate multiple
biological pathways, which include, inflammation, oxidative stress, and so on. As a
result, inflammation and oxidative stress biomarkers could help to predict the risk of
cardiovascular diseases [4]. Until now, a variety of predictive biomarkers for cardio-
vascular events have been found, including C-reactive protein (CRP), metallomatrix
proteinases, serum amyloid A, interleukin-6, cysteine protease inhibitor C, and so
on (Fig. 9.1).

9.1.3 Biomarkers of Hepatitis

Liver disease has a high fatality and infection rate. About 25% of the global deaths
are derived from the end-stage liver disease. Among all the liver diseases, chronic
infections with hepatitis B virus (HBV) and hepatitis C virus (HCV) are the highest
risk factors for liver cancer and cirrhosis [9]. Specifically, 57% of global cirrhosis
was caused by HBV (30%) and HCV (27%). In addition, 78% of hepatocellular
carcinoma was the result of HBV (53%) and HCV (25%) [9]. Besides, the world-
wide prevalence of HCV is approximately 2%-3% and HCV infection exhibits a
low cure rate [10]. Thus, the accurate and early diagnosis of hepatitis is of great
importance. The measured concentration of hepatitis B surface antigen (HBsAg),
HBYV DNA, hepatitis B surface antibody, and hepatitis B core antibody in serum are
identified as effective biomarkers of HBV (Fig. 9.1) [11]. On the other hand, HCV
core antigen (HCVcAg), anti-HCV antibody, and HCV RNA are mainly employed
as the biomarker of HCV (Fig. 9.1) [10].
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9.1.4 Cardiac Troponins

Cardiac troponin is a kind of protein specific to heart muscle cells and almost unde-
tectable in the blood of a healthy person. However, when myocardial Necrosis/
myocardial damage occurs, abundant cardiac troponin would be released into the
blood. Thus, the obvious increase in the concentration of cardiac troponin would be
a signal of myocardial necrosis/damage [12]. Among the three regulatory proteins of
cardiac troponin, clinical tests have proved the concentration of troponin I (cTnl) and
troponin T (¢cTnT) as two of the most specific indicators for myocardial necrosis/
damage. Specifically, the normal concentration of cTnl in the blood is less than
0.4 ng/mL. If the detected concentration for cTnl is higher than 2.0 ng/mL, the risk
for myocardial damage is indicated [7].

Electrochemical sensors refer to the sensors using electrochemical principles,
which include electrochemical impedance spectroscopy (EIS), amperometric (i-t)
method, differential pulse voltammetry (DPV), square wave voltammetry (SWV),
cyclic voltammetry (CV), and so on. The employment of proper recognition parts
could simultaneously ensure high specificity and sensitivity of the sensor. For the
detection of cardiac troponin, antibodies, and aptamers are commonly employed as
the recognition part of the corresponding sensors. For example, a single-stranded
DNA aptamer against cTnl is developed with a much lower dissociation constant
value (270 pM) than that of a cTnl antibody (20.8 nM) [5]. When applied to an
electrochemical cTnl biosensor, a low limit of detection (LOD) of 1.0 pM (24 pg/
mL) and a wide linear range of 1-10,000 pM are demonstrated in a buffer solution
(Fig. 9.2A). The specificity test of this kind of biosensor also indicates the high speci-
ficity for cTnl compared to other interfering proteins. Furthermore, the biosensor can
effectively measure the concentrations of cTnl in the solution with the addition of
human serum.

Although most of the related reports have published sensitive and specific detec-
tion of one regulatory protein of cardiac troponin, simultaneous detection of the
two regulatory proteins of cardiac troponin is more recommended for reliable and
accurate clinical diagnosis. Furthermore, it can reduce blood consumption (sample
volume) and cost. Screen-printed electrodes, which have easily modified surfaces,
offer a promising pathway to achieve simultaneous detection of cTnl and ¢TnT [14].
For example, employing screen-printed electrodes (Fig. 9.2B), simultaneous detec-
tion of ¢Tnl and ¢TnT in human serum can be achieved with a very low LOD of
1 pg mL~! [13] (Table 9.1).

9.1.5 CK

CK (adenosine-5-triphosphate-creatine phosphotransferase) is a significant enzyme
produced by muscle and brain. It contains three isoenzymes (CK-BB, CK-MB, and
CK-MM) [27]. The three isoenzymes are produced by the muscles at different places.
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Fig. 9.2 A The DNA aptamer-based electrochemical cTnl sensor [S]. B The screen-printed
electrodes-based electrochemical sensor for simultaneous detections of ¢cTnl and ¢TnT [13]

Among them, only CK-MB is primarily produced by the heart muscle. In general, the
concentration of normal blood CK for a healthy person is in the range of 0.038-0.174
U/mL for males and 0.026-0.14 U/mL for females [28]. However, when the related
muscle or brain is injured, the concentration of blood CK would be much increased.
Therefore, the concentration of CK-MB is recognized as an effective and specific
biomarker for the diagnosis of myocardial necrosis and damage [29].

On account of that CK is an enzyme [28], which has many specific properties,
the method for the detection of CK-MB can be different from the traditional elec-
trochemical biosensors. For example, for traditional electrochemical biosensors, the
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detection of the biomarkers is realized by the binding of the recognition part of the
sensor and the biomarkers in the electrolyte. However, an enzyme can directly be
an alternative to the recognition part of biosensors and form an enzymatic-based
biosensor [30]. When coating the proper enzyme on the surface of the electrode,
the analyte in the electrolyte can diffuse to the enzyme membrane and contact the
enzyme to accomplish enzymatic catalytic reaction or produce detectable ions. In
this way, the signal intensity of the sensor could be changed and the specific detec-
tion can be realized. Based on this mechanism, if the substrate is immobilized on the
surface of the electrode, the corresponding enzyme can be specifically detected. For
instance, a cysteamine (Cys)-aminated Au/SPE is coated by phosphorylated form of
creatine (Pcrea) and fabricate a CK-MB biosensor (Fig. 9.3) [31]. Considering the
electroactive nature of Pcrea at low potential, the consumption of Pcrea could adjust
the electrical response of the corresponding sensor. Based on the SWV method,
the sensor exhibits a LOD of 0.11 pg/mL. Besides, the specificity of the sensor is
illustrated under the interference of cTnT, bovine serum, BSA, and Myo.

The performance of other CK-MB electrochemical biosensors can be referred to
Table 9.2. It needs to be mentioned that enzyme is unstable in certain physical or
chemical conditions (high temperature, strong acid and alkali, etc.) [32]. Thus, the
operating conditions of CK biosensors should be paid attention.

9.1.6 CRP

CRP is an acute-phase protein generated within the liver and an important biomarker
of CVD. Actually, the American Heart Association as well as the United States
Center for Disease Control have proposed that the risk of CVD can be leveled by
the concentration of CRP in blood [39]. When the CRP concentration is lower than
1.0 mg/L, the risk of evolving CVD can be regarded as very low. When a person’s
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Table 9.2 The performance and employed methods of the existing electrochemical biosensors for
CK detecting

Biomarker | Electrochemical Recognition | LOD Detection range References
method method
CK-MB EIS Antibody 3700 pg/ | 0.01-0.5 pg/mL [29]
mL
SWV Enzymic 0.11 ng/ |- [31]
catalytic mL
reaction
i-t Antibody 0.88 pg/ | 0.001-2000 ng mL. | [33]
mL
Chronocoulogram | IgG 10 pg/mL | 0.00001-1 pg/mL | [34]
Chronocoulogram | IgG 0.08 pg/ |- [35]
mL
SWV Antibody 0.5 pg/ 0.001-50 ng/mL [36]
mL
DPV Antibody 0.62 pg/ | 0.000001-2.5 wg/ | [37]
mL mL
Conductometric Antibody 0.15pg/ |- [38]
mL
i-t Glucose - 0.3268-5.229 pg/ [39]
oxidase and mL
hexokinase

CRP concentration is higher than 3.0 mg/L within a long period, he has a very high
risk of developing CVD. Besides, the CRP concentration can be largely different for
different persons or a person in different conditions [41]. The serum CRP concen-
tration of a normal person is lower than 1 mg/L or even 0.01 mg/L [41]. If an
acute-phase event is triggered, the CRP concentration can be obviously increased
to 300-500 mg/L within 48 h [40]. The value can be even as high as 2500 mg/
L for patients with tumor [41]. Thus, sufficient detection range is the key to the
CRP detection. Recently, nanostructures have been proven to widen the detection
range of electrochemical sensors. For instance, metal-organic framework-derived
ZnO/porous carbon composite is applied to a CRP biosensor (Fig. 9.4A) [42]. The
specific structure greatly enhanced the active surface area of the electrode and the
immobilization of biomolecules. In consequence, electrochemical signals have been
effectively amplified and the detection range has been widened. The linear range
can be as wide as 0.01-1000 ng mL~" and the detection limit can be as low as
5.0 pg mL~".

To detect the CRP in blood, the blood consumption should be considered. That’s
because the less blood is needed, the less pain the patient will suffer. Thus, the
biosenors for the markers in blood should have low sample consumption. Taking
this into consideration, microfluidic device, which has the advantages of portability,
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Fig. 9.4 A Schematic diagram of the preparation procedures for electrochemical CRP sensor
based on ZnO/porous carbon composite [42]. B the illustration of a microfluidic device-based

CRP biosensor [43]

massive parallelization, and low reagents consumption, could bring new opportuni-
ties for cardiac troponin biosensors. For instance, Escarpa et al. have fabricated a
CRP biosensor based on a microfluidic device [43]. An outstanding sensitivity (LOD
= 0.54 pg/mL) can be achieved with very low volume clinical samples (<10 pL)

and very fast assay process (8 min).
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9.1.7 Hepatitis Biomarkers

Compared with other detection methods, the electrochemical sensor for hepatitis
diagnosis has more potential for point-of-care (POC) applications. The rapid,
portable, and easy diagnostic process of POC testing allows rapid clinical decisions
and more possibility for the patients to return the hepatitis test results on time [44].
Thus, the POC electrochemical sensor becomes the current development direction
for hepatitis detection.

Very currently, a portable electrochemical biosensors for HCV detection has been
reported [45]. Employing the i-t method, a potentiostat circuit, a Bluetooth module,
and a controller unit, the biosensor can not only be portable, but also realize wireless
data transmission. Additionally, the functionalization with cystamine and glutaralde-
hyde brought the sensor a covalent binding ability with recombinant core-HCV
protein and high sensitivity. A similar smartphone-based portable electrochemical
biosensor for HBV detection has also been developed for real-time detection very
recently (Fig. 9.5A) [46].

In 2007, the concept of a microfluidic paper-based analytical device (PAD) was
introduced to POC application [47]. On account of its simplicity, low cost, and
portability form, its emerging attracted a lot of attention. Thereafter, the PAD started
to be used for HVB DNA detection [49]. For instance, a pop-up PAD device for
HVB DNA detection, which is disposable, affordable, and simple, has been reported
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Fig. 9.5 The illustration of A a portable electrochemical biosensor for HBV detection has been
reported [46], B a pop-up PAD device for HVB DNA detection [47], and C a PAD platform for
simultaneous sensing of HBsAg and HCVcAg [48]
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very recently (Fig. 9.5B) [47]. Moreover, the use of pyrrolidinyl peptide nucleic acid
as the probe endows the sensor with high binding affinity and specificity. The LOD
and linear range of the sensor are 1.45 pM and 50 pM-100 nm, respectively. What’s
more, it has realized the sensing of HBV DNA, which is extracted from plasmid
constructs.

However, the PADs for hepatitis diagnosis still need multistep reagent manipula-
tion, which limits their use for end users. Thus, a series of methods have been devel-
oped to further simplify the manipulation or realize the simultaneous detection of
multiple targets. For instance, a PAD platform for simultaneous sensing of hepatitis
B surface antigen (HBsAg) and HCV core antigen (HCVcAg) has been reported
(Fig. 9.5C) [48]. Furthermore, the multi-step reagent manipulation has been simpli-
fied by this sensor and only a single buffer loading is needed. This simplification
is achieved by the cooperation of a fast-flow channel and a delayed channel. The
fast-flow channel aims to automatically wash the unbound antigens. The delayed
channel is applied to offer redox regent for further analysis. In addition, the sensor
exhibits high sensitivity for HBsAg and HCVcAg detection. The LODs for HBsAg
and HCVcAg detection are as low as 18.2 pg mL~! and 1.19 pg mL~!, respectively.
The performance of other existing electrochemical biosensors for hepatitis biomarker
detection can refer to Table 9.3.

9.1.8 Conclusion and Outlook

Electrochemical biosensors with high specificity and sensitivity for hepatic and
cardiac biomarkers detection are of great importance for clinical precaution, diag-
nosis, and prognosis of related diseases. The typical hepatic and cardiac diseases
include myocardial necrosis/myocardial damage, myocardial ischemia, cardiovas-
cular diseases, and hepatitis (HBV and HCV infections). Different diseases have
different biomarkers. The representative electrochemical biomarkers for cardiac
diseases are cardiac troponins and CK. Besides, the typical predictive biomarkers for
cardiovascular events include CRP. In addition, the representative electrochemical
biomarkers for hepatic diseases are HBsAg, HBV DNA, and HCVcAg. On account of
the different properties of different markers, the corresponding biochemical sensors
have different research priorities. For cardiac troponins detection, the specificity
and sensitivity can be enhanced by using proper recognition parts and employing
nanostructures, respectively. While, for the detection of CK, which is an enzyme
and has many specific properties, an enzymatic catalytic reaction can be utilized.
The CRP detection is usually accomplished in serum or plasma samples. The blood
consumption can be reduced by microfluidic devices. On account of the infectivity
and chronic property of viral hepatitis for most cases, the POC devices with a rapid,
portable, and easy diagnostic process would benefit the compliance of patients and
result feedback. Thus, POC testing is one of the main development directions for
HBYV and HCV detection.
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Although great progress has been achieved these years, some challenges still
remain. For example, most sensors can only realize the detection of a single cardiac
biomarker, which can only reflect the physiological changes partially. Considering
the complex pathological and physiological mechanisms, the simultaneous detec-
tion of multiple biomarkers could be more accurate for the diagnosis of the hepatic
and cardiac diseases. Additionally, the practical applications require high stability
for the long-term usage of the biosensors. However, the electrochemical biosensors
are usually environmentally sensitive. The performance would be influenced by the
temperature, pH, ionic strength, and so on. Thus, the stability of the related sensors
should be investigated and improved. It is believed that the intensive efforts on the
electrochemical biosensors for hepatic and cardiac biomarkers detection would result
in continuous innovations and provide more clinical application potential.
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Chapter 10 ®)
Electrochemical Biosensors Guca i
for Inflammatory Biomarkers Detection

Zhijuan Duan, Danlong Chen, Hong Liu, Huiying Xue, Fujian Huang,
and Fan Xia

Abstract Detection of inflammatory biomarkers by electrochemical biosensors is
vital for the early detection of disease, gene mutations, and biological targets. In
this chapter, we summarized the detection of inflammatory biomarkers by electro-
chemical biosensors, especially the inflammatory biomarkers in whole blood. First,
different inflammatory biomarkers related to different diseases were introduced,
especially the inflammatory biomarkers in the whole blood. Then electrochemical
biosensors were introduced in detail. Next, inflammatory biomarkers in whole blood
were introduced in detail. And the application of electrochemical sensors in life anal-
ysis and clinical application was summarized. Finally, we discussed the prospects and
challenges for technologies based on electrochemical biosensors for inflammatory
biomarkers detection.

Keywords Inflammatory biomarkers - Electrochemical biosensor - Whole blood

10.1 Brief Introduction of Inflammatory Biomarkers

10.1.1 Inflammatory Biomarkers

The process of inflammation is the defense process of the body caused by tissue
damage. Inflammation can be caused by various factors, such as physical factors
(trauma or high temperature or cold), chemical factors (endogenous or exogenous
acid-base balance), or infectious factors (bacteria, viruses or fungi) [1]. The course
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of acute inflammation has a sequence of symptoms such as fever, pain, or swelling.
Chronic inflammation has none of these symptoms and may involve fibrosis, tissue
destruction, and eventually necrosis [2]. When organisms are stimulated by the
outside world, a series of complex cell biological effects are initiated in vivo,
including the activation and conduction of stress signals, the imbalance of inflamma-
tory response, and the release of various harmful factors. Currently, it is believed that
various inflammatory mediators and cellular mediators are released during external
stimulation and interact with each other to form a complex cytokine network, which
plays an important role in inflammatory response and immune disorders. Biological
immune disorders are likely to cause abnormal activation of various biomarkers,
which in turn lead to a cascade of immune responses through the release of a large
number of inflammatory cytokines [3]. If the production of these inflammatory factors
is blocked in time, the inflammatory response can be reduced and the vicious cycle
can be blocked, which is expected to provide new ideas and new methods for the
treatment of various inflammation-induced diseases [4].

Inflammatory biomarkers have some common characteristics: (1) biomarkers are
mostly secreted proteins with low molecular weight (<30 kd), and are generally
glycoproteins. (2) Biomarkers are usually involved in immune and inflammatory
responses. (3) The production of cytokines is transient and regional, and the main
form of secretion is paracrine or autocrine. (4) Biomarkers have high biological
activity. (5) Biomarkers must bind to highly affinity-specific receptors on the surface
of their target cells. (6) The effects of different factors often overlap each other.

The levels of these biomarkers can be measured in the blood and used to diagnose
and monitor various inflammatory diseases, such as rheumatoid arthritis, inflamma-
tory bowel disease, and others. Inflammatory biomarkers can also be used to monitor
the effectiveness of treatment and to predict the risk of future health problems [5].

10.1.2 Inflammatory Biomarkers in Whole Blood

Inflammatory biomarkers can be measured in whole blood, which is a sample of
blood that has not been separated into its component parts. Blood is made up of
plasma and blood cells. In the whole blood, 70% is plasma and about 30% is blood
cells. In whole blood, inflammatory biomarkers are typically found in the plasma,
which contains a variety of electrolytes, fibrinogen, coagulation factors, and so on.
We will briefly introduce the inflammatory factors in whole blood, serum, plasma,
and platelets. At present, serum is the main sample for detecting inflammation, which
involves many inflammatory biomarkers, and has a great relationship with cancer,
nervous system, and COVID-19 diagnostic biomarker diseases. Some of the most
commonly measured inflammatory biomarkers in whole blood include:

C-reactive protein (CRP) is an acute-phase protein synthesized by the liver and
released into the blood when tissue is damaged by trauma or inflammation. Serum
CRP concentrations can be hundreds or thousands of times higher during acute
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bacterial infection or tissue trauma. Therefore, CRP is an important biomarker for
the identification of infection [6].

Interleukin-6 (IL-6) is a cytokine, a type of signaling molecule that is involved
in the immune response. Elevated levels of IL-6 in whole blood can indicate the
presence of systemic inflammation [7].

Tumor necrosis factor-o (TNF-a) is another cytokine involved in the immune
response. Elevated levels of TNF-a in the whole blood indicate the presence of
inflammation [8].

Erythrocyte Sedimentation Rate (ESR) is a measure of the rate at which red blood
cells settle to the bottom of a test tube. Elevated ESR can indicate the presence of
inflammation [9].

In addition to these inflammatory factors, there are many other inflammatory
factors in the whole blood, such as inflammatory cytokines PSA [10] and P53 protein
(ABO) [11] in blood plasma have been linked to cancer and neurological diseases.
ORFlab RNA in whole blood is associated with disease in diagnostic biomarkers
of COVID-19 [12], while inflammatory cytokines IL-6 [13], IL-8 [14], and IL-18
[15] in platelets are associated with atherosclerosis. Examples of the detection of
inflammatory biomarkers in different samples and their analytical parameters and
methods will be detailedly discussed in the following context.

10.2 Principles for Inflammatory Biomarkers Detection
by Electrochemical Biosensors

A biosensor is an apparatus that transforms bioinformation, for instance, the concen-
tration of sample components into viable signals. As shown in Fig. 10.1, electrochem-
ical biosensor mainly includes recognition elements and signal transducers. Here,
we review biosensors for inflammatory biomarkers detection including transducer
elements, biorecognition elements, and detection methods.

10.2.1 Transducer Elements-Electrode

The different materials and structures greatly affect the properties of the electrode,
and ultimately affect the sensibility, selectivity of the text of the electrochemical
biosensor. The differences in electrode materials have been introduced in detail in
different literature, and will not be repeated here. Electrode structure, including
planar structure, linear structure, nanostructure, and array structure, can also affect
electrode performance. Here we focus on nanoelectrodes.

The surface morphology of the electrode with micron and nanostructure affects the
detection of inflammatory biological targets. The nanomodification of the electrode
greatly increased the specific surface area but did not increase the volume of the
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Fig. 10.1 The principle of electrochemical biosensors detecting inflammatory biomarkers. CV:
Cyclic voltammetry; SWV: Square wave voltammetry; DPV: Differential pulse voltammetry; EIS:
Electrochemical impedance spectroscopy.

electrode, thus increasing the reaction area of the fluid and surface. The preparation
of electrode nanostructures is mainly achieved by bottom-up wet chemistry and
electrochemical methods. In the process of wet chemistry approaches the preparation
of electrode nanostructures, nanoparticles are usually deposited or coupled to the
surface of the planar electrode [16]. For example, gold nanoparticles are usually
deposited on the surface of a planar electrode and fixed to a biorecognition element. In
these studies, it is usually done by physical adsorption [17] or chemical methods [18].
Compared with planar electrodes, nanostructured electrodes with high curvature can
reduce the aggregation of identifying elements in experimental studies and molecular
dynamics simulations of DNA sensing [19, 20].

In addition to coupling treated nanomaterials to the electrode surface, nano-
electrodes are often prepared by bottom-up electrochemical methods. Although
nanomodification of the electrode surface by physical or chemical methods is effec-
tive, the introduction of porosity, such as nanopores, into the electrode is also the
way to prepare nanostructured electrodes. Carbon nanotubes (CNT) are ideal candi-
dates for label-free sensing. The sensing mechanism is the gating effect of the target
proteins as they bind to the antibodies, bringing them near the CNT channels within
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the Debye length. When using antibodies as recognition elements, the large size of
the antibody can enable the target protein to interact outside the space charge layer
or the Debye length of the sensor.

Electrode nanostructures can improve electrode properties, such as sensitivity
and detection limits, but fixation of biometric elements and target binding by nanos-
tructures should also be considered. Differences between batches of nanostructured
electrodes also need to be considered. It is not clear how the surface of nanostruc-
tures, such as morphology, crystal structure, and material properties, such as electrical
conductivity, change between mass-produced electrodes.

10.2.2 Biorecognition Elements

The previous section discussed transduction components, the most important part
of electrochemical detection. Complete biosensors include sensors and biometric
elements. This section will discuss biometric elements that selectively bind inflam-
matory biomolecules.

The mechanisms of biometric components include biocatalytic and biocom-
plexing. In the biocatalytic mode, the biosensor responds to chemical reactions based
on the catalytic target. Enzymes, cells, and tissues are commonly used as biocatalytic
elements. Enzymes often label inflammatory molecules by a secondary binding step
as biosensor recognition elements. In the biocomplexing model, the response of the
sensor is based on the interaction between the target and macromolecules. Anti-
bodies, peptides, phages, and imprinted polymers are broadly used biorecognition
elements.

10.2.2.1 Biorecognition Elements

Antibodies and antibody fragments are the most widely used recognition elements.
Antibodies have strong selectivity and high affinity and can bind specifically to
epitopes of antigens [21]. Antibodies can be labeled with fluorescence or enzymes,
which may lead to additional reagent and treatment-step-related measurement limi-
tations, and may also alter the binding affinity to the antigen, affecting the selectivity
of the biosensor.

Enzymes are another most commonly used biometric element, and their specificity
comes from non-covalent recognition patterns in their three-dimensional structure
[22]. When the enzyme is integrated into a biosensing device, it converts the target into
an electrochemically measurable product through a biocatalytic effect. Considering
the stability of the recognition element, aptamers have attracted much attention. It is
a short-chain oligonucleotide composed of synthetic bases [23].
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10.2.2.2 Non-biorecognition Elements

Aptamers can be customized to the targets and have similar chemical, thermal, and
mechanical stability to molecularly imprinted polymers (MIPs). They can be reused
and are relatively inexpensive [24]. MIPs are synthetic recognition elements that
polymerize around the target, effectively freezing inflammatory molecules. There are
many different ways to synthesize MIPs, such as thermal polymerization [25], UV-
polymerization [26], and electropolymerization [27]. The number of studies on MIPs
has increased significantly in recent years, and their performance has improved, but
they still have the disadvantages of long production time, template leakage, complex
manufacturing processes, and relatively poor synergies with electrochemical plat-
forms. In addition to the recognition elements mentioned above, phages [28] and
affibodies [29] are also included. The selection of biometric components is one of
the most important steps in developing a biosensor, which depends on the properties
of inflammatory molecules and the desired properties of the biosensor, such as cost,
lifetime, and sensitivity. The ideal recognition element should have high stability and
high affinity for the target molecule [30]. Table 10.1 compares the advantages and
limitations of the various recognition elements.

10.2.3 Electrochemical Methods

Inflammatory molecules can be detected using a variety of electrochemical methods
[32]. These methods differ in electrode configuration, applied signal, measured
signal, mass transmission mechanism, binding information provided, and target
size selectivity [33]. Electrochemical methods can be classified as potentiometric,
voltammetry, electrochemical impedance spectroscopy, or conductometry, and these
methods usually represent the measured signal. The signals applied on the elec-
trode surface include both stabilization signals and change signals. The conclusion
may require analysis of the output of transient signals, steady-state signals, and
sometimes a combination of them. This section provides a brief introduction to the
most commonly used electrochemical methods for the detection of inflammatory
molecules.

10.2.3.1 Voltammetry

Voltammetry, also known as control potentiometry, is a method of measuring
current by applying a rated voltage [32]. The current represents the charge transfer
between the sample and the electrode and thus indicates the sample concentration.
In chronoamperometry, the potential on the electrode is applied in steps, so that the
current is measured over time. The potential in voltammetry can remain constant or
change over time.
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Table 10.1 Advantages and limitations of recognition elements in chemical sensors and biosensors

Recognition elements Sensor Advantages Limitations
designation
Classical | Enzymes Enzymatic —Specificity —Purification is
biosensor —Simple apparatus and costly and time
procedures consuming
—Poor stability
—Efficient only at
optimum pH and
temperature
Antibodies Immunosensor | —High affinity —Limited target
—Specificity (protein)
—Laborious
production
—Production
requires use of
animals
—Lack of stability
Nucleic acids | Genosensor —Stability —Limited target
(complementary
nucleic acid)
Whole cells | Whole-cell —Low-cost preparation
biosensor —Reduced purification
requirements
Recent Phages Phage biosensor | —Specificity and
sensitivity
—Stability
Aptamers Aptasensor —Easy to modify
(DNA, RNA, | (particularly, —Possibility to design
or peptides) | DNA sensor or | structure
RNA sensor) —Possibility to

Peptide sensor

denaturalize and to
rehybridize
—Possibility to
distinguish targets with
different functional
groups

—Thermally stable
—In-vitro synthesis

(continued)
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Table 10.1 (continued)

Recognition elements Sensor Advantages Limitations
designation
Molecularly | MIP sensor —High thermal, chemical, | -Complex
imprinted and mechanical tolerance | fabrication
polymers tolerance methodology
(MIPs) —Reusability —Time-consuming
—Low cost process
—Incompatibility
with aqueous media
—Leakage of
template molecules
Affibodies Affibody sensor | —Lack of disulfide bonds
that enable intracellular
applications
—Long shelf-life

Adapted and reproduced from ref. [31]

Although voltammetry is compatible with a variety of biosensors, it is most
commonly used in conjunction with field effect transistor (FET) -based biosensors.
FET is a semiconductor device that uses the electric field effect in the input loop to
control the current in the output loop, conducting electricity only by the majority of
charge carriers in the semiconductor. FET biosensors detect Inflammatory molecules
viameasured changes in source-drain channel conductivity that arise from the electric
field of the sample environment [34].

The linear sweep voltammetry (LSV) has a linear change of applied voltage with
time and measures the response current. Manickam et al. detected the amount of
NO in blood by LSV, and the oxidation potential of the electrode changed with the
concentration of NO. The anode current increases linearly and proportionally with
the increase of NO concentration [35].

Pulsed voltammetry applies a voltage to the electrode surface in the form of a
pulse. Compared with traditional voltammetry, pulse voltammetry is faster and more
sensitive [36]. In step voltammetry, the potential changes step by step, which reduces
the influence of the charging capacitor and a non-equilibrium electrode on the current
signal.

10.2.3.2 Electrochemical Impedance Spectroscopy (EIS)

The previously mentioned methods, including methods of applying signals with
continuous or stepped variation, change the electrode balance. A frequency response
method, often referred to as EIS, is the response to a current or potential waveform
applied periodically at a fixed frequency or within a certain frequency range [32].
A small amplitude sinusoidal potential signal is applied to the electrode so that
opposite chemical reactions (i.e., oxidation and reduction) alternate on the electrode.
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Therefore, even if the electrode works for a long time, the surface properties of
the electrode will not change greatly. So, the EIS method is called the equilibrium
method. In addition, the EIS method can be considered that the electrode is always
in equilibrium, thus greatly simplifying data processing. EIS can be measured over a
wide range of frequencies, allowing more analyte information and electrode structure
information to be obtained.

10.3 Electrochemical Biosensors for Inflammatory
Biomarkers Detection in Whole Blood

Blood is a significant source of clinical information for monitoring human disease
and health [37]. Measuring biomarker levels within the blood, for instance, is an
advantageous way of detecting illnesses such as cancer early, allowing for better
treatment choices and improved rates of survival for patients [38]. Moreover, the
curative effect has been proven by tracking the levels of selected markers in whole
blood before and following treatments, which assists doctors in choosing the best
options for therapy [39]. Monitoring relevant biomarkers on a regular basis is useful
since it offers timely and quick feedback. The method necessitates the use of a
user-friendly sensory platform capable of monitoring biomarker levels in a cheap,
noninvasive, and time-efficient way with minimum pain for patients. However, few
existing strategies meet all of the mentioned requirements. As a result, more research
is required to realize such a strategy.

Biosensors have the possibility to satisfy the required parameters since they
provide cheap, label-free, quick, and electrical detection. Using a capture agent
on the sensor surface, these devices connect the targets with specificity and selec-
tivity. Current biomedical research fields include drug discovery and clinical diag-
nostics. Protein, glucose, inorganic salt, and hormones are among the many different
constituents that make up whole blood, making it exceptionally complicated. As
a consequence, studying the complete blood can reveal a lot of information that
is very helpful for determining the patient’s health status. Utilizing a capture-
release microfluidic system, significant advancements have recently been realized
in biosensing from desalted serum or whole blood [40].

10.3.1 Potentiometry

Potentiometric biosensors that rely strongly on ion-selective electrodes, which are
membrane electrodes whose potential reacts specifically to the concentration of a
particular ion [41], monitor the buildup of charges at an electrode under the circum-
stances of little current flow. Ion-selective electrodes for ions like Nat, K*, and
CI™ are typical examples, as well as the glass pH electrode. The sensors assess the
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voltage across a membrane that only responds with the charged ion of interest using
an electrochemical cell with two electrodes as references.

In recent years, advances in the field of electrochemical biosensing consisting
of different nanostructures have piqued the interest of biosensor researchers due
to their potential properties such as biological safety, biological compatibility,
low cost, improved analytical sensitivity, high electron transfer communication,
and ease of fabrication [42]. For the first time, Ibupoto et al. [43] established
the first potentiometric biosensor for CRP detection by applying ZnO nanotubes
coated with antibodies. This scheme uses physisorption techniques to anchor mono-
clonal anti-C-reactive protein (CRP-8) modified with glutaraldehyde onto nanotubes.
(Fig. 10.2).

Pro-inflammatory cytokines such as IL-1 and IL-6 have been shown to be activated
in depressive patients during the acute phase [44, 45] Free radicals are extremely
active substances, produced during inflammation and mitochondrial metabolism.
According to experimental and clinical studies, these types of inflammatory reactions
are associated with the nitrosative stress pathways and activation of oxidative [46].
The ability of a compound to neutralize damaging free radicals or to inhibit the
interaction of a substrate with nitrogen species or reactive oxygen is referred to
as antioxidant activity. Research on total antioxidant activity (TAA) might provide
insight into the molecular mechanism that distinguishes severe depressive illness
from healthy individuals [47].
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Fig. 10.2 The schematic illustration of the biosensor for CRP detection based on a potentiometric
antibody attached to ZnO nanotubes [43]
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Fig. 10.3 Characterization of the nanocomposite coating [50]

10.3.2 Voltammetry

Voltammetric sensors, in general, work by triggering the generation or interference
of the redox current output being measured. In its most basic form, this method
relies on the direct oxidation or decrease of the target oxidation-active residues on a
sufficiently biased electrode surface [48].

Both the antibody and the aptamer were applied to capture the target protein from
whole blood, as previously stated. The aptamer is capable of detecting bioanalytes
as well as remaining stable and having good biocompatibility [49]. As a result,
by combining the function of the plasma separation membrane and the biometric
probe, an assembled paper microfluidic chip is capable of plasma separation as well
as simultaneously identifying the presence of PAB and CRP, making the device
ideal for whole blood testing. An electrochemical sensor platform was described
by Uros et al. [S0] By integrating a nanocomposite coating made of cross-linked
bovine serum albumin with a network of reduced graphene oxide nanoparticles that
avoid biological contamination while retaining electrical conductivity, the coating is
able to detect various sepsis biomarkers concurrently. Cyclic voltammetry (CV) in
ferri-/ferrocyanide solution was used to analyze the electrical characteristics of the
nanocomposite (Fig. 10.3).

10.3.3 Electrochemical Impedance Spectroscopy (EILS)

EIS becomes an extremely potent tool as electrode surfaces are controllably changed
with biological receptors, as previously stated, since it has an inherent ability to detect
changes in the conductivity/resistance or capacity for charging of an electrochemical
surface. EIS-based platforms hold great promise for the development of label-free
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Fig. 10.4 Schematic diagram of a folded affinity-based PEID electrode sensor [58]

ultrasensitive diagnostic sensors for identifying protein biomarkers including diabetic
markers [51], inflammatory markers [52], cancer markers [53], and cardiac markers
[54]. The amplitude and phase of the response reflect the chemical and physical
structure, hence EIS offers an excellent understanding of the signal transmission
mechanisms that occur at the electrode contact [55].

There have been several reports of EIS assays for detecting inflammatory
biomarkers in whole blood. Kanyong et al. [56] used a simple strategy for surface-
initiated reversible addition-fragmentation chain transfer polymerization of HEMA
using 4-cyano-4-(phenylcarbonothioylthio) pentanoic acid as a chain transfer agent,
which was grafted directly to the surface of gold substrates via its dithio-group.
Thomas et al. [57] created a label-free, sensitive, and recyclable electrochem-
ical biosensor for detecting CRP in whole blood. Meanwhile, yuwadee et al. [58]
developed a straightforward folded paper-based electrochemical impedance device
with a double screen-printed electrode for electrochemical impedance measurement
without labels (Fig. 10.4).

10.3.4 Conductometry

Conductometric sensors have long been used for measuring current flow (or
conductance) via an analytical solution or medium connecting two electrodes [59].
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Fig. 10.5 Diagrammatic representation of the biochemical method for silicon nanowire devices’
surface functionalization [60]

Traditionally, proteins, antibodies, disease biomarkers or different biomolecules
have been detected using conductometric electrochemical biosensors with elec-
trochemical sensor forms. Silicon nanowires can be created using either top-
down lithography methods or catalyzed bottom-up growth techniques. Jay et al.
[60] demonstrated a complementary metal-oxide semiconductor-compatible silicon
nanowires array platform for ultrasensitive, label-free, real-time detection of cTnT
in undiluted serum samples (Fig. 10.5).

Electrochemistry is a surface-based method that has a few advantages in the
detection of biosensors. The measurement can be performed with very small sample
volumes and is not significantly affected by the reaction volume [61]. Due to the
lack of a separation process to separate the antigen—antibody complex from the
unbound assay elements, chromophores, fluorophores, and other sample components
that frequently obstruct spectrophotometric detection are unaffected by electrochem-
ical detection in homogeneous immunoassays. As a result, hemoglobin, fat globules,
and red blood cells have no effect on electrochemical measurements of colorful or
turbid materials such as whole blood [62]. Electrochemistry, in our opinion, will be
the most promising method for detecting inflammatory markers in whole blood.
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10.4 Bioanalytical and Clinical Applications

The relationship between inflammatory biomarkers and diseases has received more
and more attention with the improvement of scientific research and the study of
inflammatory factors [63]. Early and rapid identification of the type of inflammatory
biomarkers and the occurrence of associated diseases is important to guide clinical
treatment. Electrochemical apparatus and the developed biosensor with advantages
like rapidity, cost-effectiveness, stability, repeatability, good sensitivity, lower detec-
tion limit, and wide linear detection range [64]. Therefore, the development of reli-
able, convenient, and rapid electrochemical methods for the detection of inflamma-
tory markers in clinical laboratories is particularly critical for the auxiliary diagnosis,
differential diagnosis, guidance of treatment and prognostic evaluation of related
diseases and avoidance of misdiagnosis (Fig. 10.6).

Organ Transplantation

Bacterial/Viral
Infections

J\
Clinical Applications

@

Cardiovascular

Tumors

Fig. 10.6 Bioanalytical and clinical applications of electrochemical sensors for inflammatory
biomarkers detection
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10.4.1 Analysis and Application in the Diagnosis of Bacterial
or Viral Infections

Biomarkers such as CRP, procalcitonin (PCT), and SAA are helpful in the early
detection of sepsis. Once sepsis occurs in the body, the levels of biomarkers are
elevated. By utilizing micromotors and microfluidics, Molinero et al. achieved reli-
able analysis of CRP in trace blood samples from patients with sepsis (Fig. 10.7)
[31]. Balayan et al. showed the development of electrochemical biosensors based
on nanomaterials integrated with molecularly imprinted polymer technology [65].
The developed sensor has an operating range of 0.01-10° pM as well as an LOD of
0.01 pM. Medetalibeyoglu et al. constructed an extremely sensitive sandwich-type
electrochemical immunosensor that was used to assay the PCT [66]. The fabricated
sensor exhibited excellent repeatability, reproducibility, stability and reusability and
a wide linear detection range.

10.4.2 Analysis and Application in Malignant Tumors

Serum concentrations of TNF- and hs-CRP may be associated with pathophysi-
ology and other functions in cancer patients [67]. The threat of radiation pneu-
monia is not validly diagnosed owing to early, non-specific clinical signs. Serum
biomarkers interleukin-6, C-reactive protein, and procalcitonin are potentially an
effective approach both for immediate monitoring and for managing RP risk in
clinical practice [68]. Valverde et al. constructed an immunosensor using magnetic
microbeads coupled to a carbon electrode in order to identify tumor necrosis factor-
alpha (TNF-a) associated with breast cancer (BC) and metastasis [69]. The devel-
oped sensor shows the advantages of rapidity, cost-effectiveness, and high sensitivity
(3.0 pg mL~") and has the potential to improve the reliability of BC diagnosis. Sri et al.
fabricated a MoS, nanoflower-based biosensor by electrophoretically depositing it
onto an indium tin oxide coated glass [70]. It serves to assay TNF-a in cancer samples
(Fig. 10.8). The produced biosensor exhibited high sensitivity, high detectivity along
with an extensive detection range. Altintas et al. developed and optimized a novel
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Fig. 10.8 a MoS; nanoflower sensor designed to monitor TNF-a in patients with cancer;
b Schematic presentation of the biosensor fabrication [70]

magnetic particle-modified capacitive sensor for the measurement of cancer markers
including CRP [71].

10.4.3 Analysis and Application in Cardiovascular Disease

The invention of electrochemical biosensors for quick and super-sensitive recognition
of cardiovascular risk markers from patient blood samples will help improve the iden-
tification of patients at high risk for cardiovascular disease and help guide treatment.
Elevated levels of interleukins and TNF-a as potential cardiovascular risk markers
in humans are responsible for the risk of cardiovascular disease [72]. Hou et al.
produced a hydrogel electrochemical immunosensor and used it to measure TNF-a
in clinical serum samples [73]. The immunosensor demonstrated excellent sensitivity,
a good linearity range, satisfactory selectivity, and acceptable reproducibility. Aydin
developed a novel electrochemical immunosensor for the high-precision detection
of IL 6 in clinical samples using disposable indium tin oxide electrodes [74]. Liu
et al. designed a dual-response sandwich immunosensor for IL-6 detection based on
two TiO, mesocrystal nanoarchitectures combined with electrochemiluminescence
and electrochemical detection [75]. The developed sensor has good selectivity and
reproducibility and shows potential for application in clinical detection and diagnosis.
(Fig. 10.9).
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Fig. 10.9 Preparation of IL-6 dual response immunosensor [75]

10.4.4 Analysis and Application in Autoimmune Diseases

Interferon-y (IFN-y) is an inflammatory cytokine secreted by immune cells, and
its production is associated with effective immune defense. Elevated IFN-y levels
are early indicators of many diseases and are important in the evaluation, treatment
progression, and follow-up of autoimmune diseases [76]. Zhou et al. described an
electrochemical aptamer sensor for the recognition of IFN-y [77]. The demonstrated
sensor exhibits good stability, repeatability, and reproducibility and responded to
IFN-y down to 1.7 pg/mL. This work was validated to be applicable to the detection
of cellular secretion of IFN-y (Fig. 10.10). Chu et al. constructed an electrochemical
sensor composed of TiO, nanoparticles/glassy carbon electrode and IFNy mono-
clonal antibody, an outstanding strategy for simple, specific and sensitive sensing of
IFNy [78].

10.4.5 Analysis and Application in the Area of Organ
Transplantation

There is a persistent state of systemic inflammatory response after organ transplanta-
tion, and increased inflammatory markers can be detected in the serum of transplant
recipients [79]. PCT is a sensitive and dynamic marker of inflammation, providing
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Fig. 10.10 Aptasensing strategies for assaying IFN-y [77]

crucial parameters for early identification of symptoms and clinical management of
infection or rejection, and a rapid decrease in PCT after clinical treatment is highly
suggestive of treatment efficacy [80]. Li et al. presented a dual-mode electrochem-
ical immunoassay solution for the effective determination of PCT [81]. The designed
assay demonstrated superior performance for PCT protein (Fig. 10.11). Moreover,
the method possesses great potential for research in clinical diagnosis and treatment.
Huang et al. reported an electrochemical immunosensor using 3D wood as a matrix,
which can achieve high sensitivity and accurate recognition of PCT [82].

10.4.6 Analysis and Application in Obstetrics
and Gynecology

Gynecological cancer is one of the major causes of serious threats to women’s health.
Serum inflammatory factors have been demonstrated to be used as an adjunctive
diagnosis for gynecologic tumors. IL-10 is a key biomarker for the correct diagnosis
and rapid treatment of adverse preeclampsia [83]. IL-6 values were observed at a
markedly higher level in women with pelvic inflammatory disease. Arkusz et al.
established an electrochemical impedance sensor with titanium dioxide nanotubes
and IL-6 antibodies for ultrasensitive sensing of IL-6 [84]. Errachid et al. reported
a highly sensitive impedimetric determination for the inflammatory marker IL-10
[85]. It mainly utilized pyrene carboxylic acid and graphene foam flexible electrodes
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Fig. 10.11 Schematic presentation for the fabrication of the dual-mode PCT electrochemical
immunosensor [81]

as the functional components. The m-m non-covalent functionalization improved
the stability of the device. The proposed electrochemical sensor provided superior
specificity, reproducibility, and stability (Fig. 10.12).

10.5 Conclusions and Perspectives

The detection of inflammatory biomarkers by electrochemical biosensors is expected
to play a key role in analytical science in the near future. The rapid development of
electrochemical biosensors highlights their future applications in different scientific
fields, especially in the early detection of diseases, gene mutations, and biolog-
ical targets. The detection of inflammatory biomarkers can significantly improve
the detection sensitivity, reduce the detection cost, and has certain evaluation value
and clinical significance for the early prediction, auxiliary diagnosis, curative effect
observation, and prognosis of inflammation-related diseases. In this paper, we
summarized the detection of inflammatory biomarkers by electrochemical biosen-
sors, especially the detection and application of inflammatory biomarkers in blood.
Next, the detection of inflammatory biomarkers in whole blood by electrochemical
sensors is introduced in detail. Finally, the application of electrochemical sensors in
life analysis and clinical application is summarized.

Although progress in researches have been made in electrochemical biosensors
for inflammatory biomarkers detection, several challenges still exist: (1) There are
some limitations in the development of strategies to improve sensitivity and practical
application. (2) Now, rapid diagnosis has become the goal pursued by the functional
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diagnosis system. Because rapid diagnosis is directly related to the treatment deci-
sion, the previous electrochemical analysis methods generally require a very cumber-
some operation, while the current electrochemical sensors also require immediate use
while pursuing stability, so some portable electrochemical methods for rapid detec-
tion of inflammatory factors in serum urgently need to be developed. (3) Each disease
corresponds to a variety of inflammatory biomarkers, and there is also an inflamma-
tory biomarker involved in many diseases. Therefore, it is necessary to develop
electrochemical methods for the detection of multi-target inflammatory biomarkers
to improve the accuracy and reaction rate of the detection results.

Compared with other detection methods, the detection of inflammatory
biomarkers can significantly improve the detection sensitivity, reduce the detection
cost, and provide a good perspective for clinical diagnosis. Encouraged by the current
development of electrochemical biosensors for inflammatory biomarkers detection,
we believe that all the efforts and research in this field will overcome the present
difficulties and obstacles, integrated with other technologies, such as nanomaterials

and microfluidic systems to promote the development of the entire electrochemical
filed.
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Chapter 11 ®)
Electrochemical Biosensors for Tumor Check for
Biomarkers Detection

Linfeng Chen and Yanan Li

Abstract Cancer is a big public health challenge and a leading cause of death
worldwide, leading to millions of deaths each year. Developing efficient strategies
to detect cancer at early stages is critically important as it will be able to provide
appropriate treatment and effectively improve the life quality of patients. Cancer is
typically featured by released biomarkers (e.g., proteins, nucleic acids, and cells),
which could be commonly found in biological fluids and have been used to indicate
the presence of cancer tumors. Electrochemical biosensors have attracted tremendous
attention due to the superiorities of the techniques, such as non-invasiveness, easy
operation, high sensitivity, and specificity. This chapter is focused on the recent
advance of electrochemical biosensors for tumor biomarker detection. The tumor
biomarkers and typical electrochemical techniques are also briefly introduced.

Keywords Tumor biomarker - Cancer diagnostic + Electrochemical biosensor -
Blood testing

11.1 Introduction

Cancer is referred to a large group of serious diseases that could rapidly grow and
even spread to any part of the body. Cancer has long been a primary cause of death
globally. According to the statistical report by World Health Organization (WHO),
nearly 10 million people died due to cancer in 2020 (Fig. 11.1). In more detail, the
top five prevalent cancers in 2020 in terms of new cases were followed by breast
(2.26 million), lung (2.21 million), colon and rectum (1.93 million), prostate (1.41
million), and stomach (1.09 million), while the top cancers causing most deaths
were ordered by lung (1.80 million deaths), colon and rectum (0.94 million deaths),
liver (0.83 million deaths), stomach (0.77 million deaths), and breast (0.68 million
deaths) (Fig. 11.1). No matter the cancers result in patients’ death or not, they have a

L. Chen (X) - Y. Li

State Key Laboratory of Biogeology and Environmental Geology, Faculty of Materials Science
and Chemistry, China University of Geosciences, Wuhan 430074, P. R. China

e-mail: chenlinfeng @cug.edu.cn

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 197
F. Xia et al. (eds.), Electrochemical Biosensors for Whole Blood Analysis,
https://doi.org/10.1007/978-981-99-5644-9_11


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-5644-9_11&domain=pdf
mailto:chenlinfeng@cug.edu.cn
https://doi.org/10.1007/978-981-99-5644-9_11

198 L. Chenand Y. Li

(a) Number of new cases in 2020, both sexes, all ages

Breast
2261419 (11.7%) Lung

Other cancers 2206771 (11.4%)
8 275 743 (42.9%)

Colorectum
1931590 (10.0%)
Oesophagus
604 100(3.1%)
Cervix uteri Liver Stomach
604 127 (3.1%) 905 677 (4.7%) 1 089 103 (5.6%)

Total: 19 292 789

(b) Number of deaths in 2020, both sexes, all ages

Lung
Other cancers 1796 144(18.0%)
3 557 464 (35.7%)

Colorectum

935173 (9.4%)

Liver
830 180 (8.3%)

Prostate
375 304 (3.8%)

Pancreas
466003 (4.7%)

Oesophagus Breast

544 076 (5.5%) 684 996 (6.9%)

Total: 9958 133

Fig. 11.1 Statistics of new cases and cancer death in 2020 worldwide (World Health Organization)

significantly negative impact in patients’ life, such as reducing patients’ life quality,
and requiring long-term and challenging treatment.

Cancer develops from malignant tumors whose growth is abnormally rapid. In
addition, malignant tumors often transfer to other organs through the blood and/
or lymphatic circulation system, which has more serious health consequences. For
example, colon cancer tumors frequently spread to the lung [1]. Until now, there has
been no effective method to solve the problem but to improve the life quality and
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time of cancer patients. In order to provide proper treatment, it is critical to detect the
cancer at its early stages. Cancer cells usually generate featured species (i.e., tumor
biomarkers) which could be detected in biological fluids, such as blood, urine, saliva,
and sweat. Thus, detection of tumor biomarkers will provide information about the
physiological state of the cancer disease. However, to detect the biomarkers of cancer
tumors in the early stages is quite challenging as the biomarker concentration existing
in the tumor cells and the body fluids is rather low. Thus, to develop reliable and
highly sensitive analysis methods for trace-level determination of tumor biomarkers
becomes critically important.

Traditional clinical methods used for early tumor diagnosis are based on imaging
or morphological analysis of tissues, mainly including X-ray, magnetic resonance
imaging (MRI), computed tomography (CT), and ultrasound, which are limited to
detecting the cancer when a visible change to the tissue could be observed [2].
Although more quantitatively analytical techniques have been developed for the
detection of tumor biomarkers, e.g., radioimmunoassay, tissue biopsy, and enzyme-
linked immunosorbent assay (ELISA), they are time-consuming, operation-complex,
and highly dependent on sophisticated instrumentation [3]. In addition, optical
biosensors often suffer from interference from other luminescence molecules. In this
context, electrochemical biosensors have attracted considerable attention as effec-
tive strategies for the determination of biomarkers due to their unique advantages of
easy operation, fast response, high specificity, and sensitivity [4]. In this chapter, we
will focus on the electrochemical biosensors for the detection of tumor biomarkers,
which have been rapidly developed in the past decades.

11.2 Tumor Biomarkers and Cancers

According to the National Cancer Institute (NCI), a tumor biomarker is referred to
one specific substance that is closely correlated with cancers and could be commonly
used as an indicator to provide information about cancer [5]. Tumor biomarkers can
be mainly classified into three types, including nucleic acids (e.g., messenger RNA,
microRNA, DNA), proteins (e.g., enzymes, hormones, antibodies, and receptors),
and cancer cells, which may be found in tumor tissues, body fluids or excretions/
secretions, such as blood, urine, and saliva [6, 7]. It’s worth noting that, among the
FDA-approved biomarkers, more than 90% are proteins and nucleic acids [7].
Many tumor biomarkers have already been widely used in clinical practice.
However the relationship between the biomarkers and the cancer is not simple, as
while some biomarkers are only found in one type of cancer, some others are detected
in different tumor types. For example, prostate-specific antigens (PSAs) are a specific
type of biomarker found in prostate cancer. Carcinoembryonic antigen (CEA), which
is an oncofetal glycoprotein, has been identified as a multi-tumor biomarker for the
detection of lung, breast, colon, gastric, and pancreatic tumors [8] (Table 11.1). Thus,
CEA is often combined with cytokeratin 19 fragment (CYFRA 21-1) to diagnose
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lung tumors [9]. Representative cancers and the main tumor biomarkers found in the
corresponding cancers are shown in Table 11.1.

The concentration of tumor biomarkers in a cancer patient is different from thatin a
healthy person, and the change in biomarker concentration can be used as an indicator
of the presence of cancer. For example, the CEA concentration in the blood of healthy
persons is in the range of 3~5 ng mL~'; thus, CEA concentration >20 ng mL™!
strongly indicates the presence of metastatic cancer [23]. Alpha-fetoprotein (AFP)
is a featured glycoprotein mainly made by liver cells, and has been extensively used
as a biomarker for the test of liver cancer (LC). The AFP level in human serum
of the normal adult is generally <20 ng mL~'. However, AFP concentration will
significantly increase and even be higher than 400 ng mL~! when liver cells are
damaged or LC exists. Therefore, the detection of AFP in human serum is of great
importance for the early diagnosis of LC [24]. Cancer antigen (CA125 or MUC16)

Table 11.1 Cancer types and the associated tumor biomarkers

Cancer Associated tumor biomarkers Ref
Lung cancer | CEA,* CA19-9,> SCCA,* CYFRA21-1,4 NSE,® EGFR 2 [4,9-11]
(HER2),f VEGFEg CA 125 (MUC16)," TPA!
Breast CA15-3 (MUC1) CA 125 (MUC16), CEA, ER,X PR, EGFR 2 |[1, 11, 12-14
cancer (HER2), MCF-7,™ VEGF, BRCA1," BRCA2," microRNA,
ctDNA,° ccfDNAP
Prostate PSA.9 Pro2PSA,' Sarcosine [11, 15, 16]
cancer
Colon CEA, CA19-9, CA15-3 (MUCI1), p53,° oncomiRNA-21, [6, 11, 17-19
cancer CAT72-4
Liver AFP" [20]
cancer
Gastric CEA, CA19-9 [11,21]
cancer
Pancreatic | CA19-9, CEA [11]
cancer
Esophagus | ESCCY [22]
cancer
Ovarian CA19-9, CA 125 (MUCI16), HE4Y [11]
cancer

4 CEA: carcinoembryonic antigen. ® CA19-9: carbohydrate antigen 19-9. ¢ SCCA: squamous
cell carcinoma antigen. ¢ CYFRA21-1: cytokeratin 19 fragment. © NSE: neuron specific enolase.
fEGFR 2 (HER?2): human epidermal growth factor receptor 2. 8 VEGF: vascular endothelial growth
factor. " CA 125 (MUC16): a 200 kDa membrane mucin-like glycoprotein. ! TPA: tissue polypeptide
antigen. MUC1 (CA15-3): mucin 1, a transmembrane mucin glycoprotein. ¥ ER: estrogen receptor.
I PR: progesterone receptor, a hormone receptor. ™ MCF-7: human breast cancer cells. ® BRCA1/
BRCAZ2: breast cancer susceptibility gene. © ctDNA: circulating tumor DNA. P ccfDNA: circulating
cell-free DNA. 4 PSA: prostate-specific antigen. © Pro2PSA: zymogen precursor of PSA. $ p53
(TP53): a tumor suppressor protein. ' CA72-4: carbohydrate antigen 72—4. * AFP: alpha-fetoprotein.
¥ ESCC: esophageal squamous cell carcinoma. ¥ HE4: human epididymis protein 4



11 Electrochemical Biosensors for Tumor Biomarkers Detection 201

3::::nlt:2;t2i0r11\1106 rvngla 1) f typical Tumor biomarkers Thresholds
tumor biomarkers NSE 125 pg mL~!
(Reproduced from [26] with PSA 4ng mL~!
modification)
GST 3.2 mU mL™!
ALP ~0
CT 100 pg mL~!
SCCA 1.5ng mL~!
Ferritin 250 ng mL~!
hCG 50IUL"!
AFP 20 ng mL~! [24]
CEA 3.0~5.0 ng mL~! [23]
CA125 35UmL"! [27]
CAI153 25UmL"!
CA27-29 364 UmL™!
CAS549 11 UmL"!
CA19-9 37 UmL™!
CA50 14~20 U mL~!
CA242 20 U mL~!
CA72-4 6 UmL™!

is a 200 kDa cell surface mucin glycoprotein and could be used as a sign of ovarian
cancer. The normal CA125 concentration in humans is generally lower than 35 units
per milliliter (U mL™"). The elevated levels of CA-125 in the blood indicate a high
possibility of ovarian cancer [25]. The normal level of typical tumor biomarkers is
presented in Table 11.2.

11.3 Electrochemical Biosensors for the Detection
of Tumor Markers

11.3.1 Electrochemical Biosensor Principles

Electrochemical biosensors are sensing devices used for quantitative and semi-
quantitative analysis based on biological recognition. Owing to the fascinating supe-
riorities, such as rapid response, easy operation, low cost, high sensitivity, and speci-
ficity, the electrochemical platforms show tremendous potential for the diagnosis of
cancer. To construct an electrochemical biosensor, three integrated parts are usually
needed (Fig. 11.2): (a) a biorecognition element that has a specific interaction with
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Fig. 11.2 Basic schematics of an electrochemical biosensor. There are three integrated components:
biological sensing element, signal transducer, and signal processor (Reproduced from [31])

the bio-target. Biorecognition elements are a crucial component of electrochem-
ical biosensors, and enzyme, aptamers, and antibodies are typical examples. (b) a
signal transducer that can convert the specific interaction to a measurable signal (e.g.,
current, potential, conductance, or impedance), which is proportionally correlated to
the target concentration. (c) an electronic system for data analysis [28].

Based on the analytical signal, electrochemical techniques mainly include poten-
tiometry, voltammetry, electrochemical impedance spectroscopy (EIS), and electro-
chemiluminescence [29]. Potentiometric biosensors are traditionally defined as a
zero-current technique that measures the potential across an interface [30]. Voltam-
metry, which involves measuring the current versus the applied voltage during a
biological recognition event, is the most accepted method in electrochemical anal-
ysis. Voltammetry can be further divided into linear-sweep voltammetry, differential-
pulse voltammetry, cyclic voltammetry, and square-wave voltammetry according to
different modes of potential control [31]. The principle of EIS is to measure the
impedance of the circuit as biological recognition events occur at the electrode inter-
face by applying an alternating current (AC) potential. Usually, the AC potential is
low (2-10 mV) while the AC frequency is varied in a wide range from 100 kHz to
1 MHz [32]. Electrochemiluminescence is a kind of analytic technique that involves
the luminescence reaction induced by the substances produced by the electrochem-
ical process at the electrode surface. The chemiluminescence intensity is correlated
with the concentration of the biotargets. This method exhibits the advantages of high
sensitivity, good producibility, easy operation, and easy control as it combines both
the electrochemistry and chemiluminescence process [33].

It is worth mentioning that electrochemical biosensors achieve sensing by relying
on the electrochemical process occurring on the surface of an electrode. Thus, the
electrode plays a key role in an electrochemical biosensor. The electrode not only
acts as a surface for immobilizing biorecognition elements (e.g., enzymes, aptamers,
or antibodies), but also conducts electrons (i.e., electrical signal generation). There-
fore, the performance (e.g., sensitivity and detection limitation) of electrochemical
biosensors could be effectively improved by either selecting appropriate conduc-
tive materials as the electrodes or by modifying the electrode with functional nano-
materials. Various types of materials are reported to be used as the electrode for
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biosensing. One typical kind of material are intrinsically conductive polymers, such
as polyaniline, polypyrrole, and polythiophene, which have been extensively utilized
as the electrode and biological probes could be immobilized on the electrode surface
for sensing. These polymers could also be doped with other nanomaterials to form
a polymer composite matrix with improved conductivity or mechanical properties
[34]. The other type of widely used conductive materials is carbon-based nanoma-
terials, noble metal nanoparticles, and their mixed composites. Particularly, gold
nanoparticles (AuNPs) have been widely used as the electrode due to their high elec-
trical conductivity, easy modification with biorecognition molecules, and biocom-
patibility [35, 36]. In recent years, carbon-based nanomaterials (e.g., glassy carbon,
carbon nanotubes, and graphene) have received considerable attention and have been
frequently utilized as electrodes in the construction of electrochemical biosensors,
as carbon-based nanomaterials have superior electric and mechanical properties, and
are inexpensive [30, 37].

11.3.2 Electrochemical Biosensors for Tumor Biomarker
Detection

As a human blood sample contains different tumor biomarkers, including enzymes,
exosomes, antigens, tumor cells, and nucleic acid, it’s able to obtain sufficient infor-
mation about the cancer by detecting the biomarkers in the biological fluids. Addi-
tionally, a blood-based test is a minimally invasive method when taking samples [38,
39]. Thus, in this section, the attention is paid to electrochemical biosensors for the
tumor biomarker detection with blood samples.

11.3.2.1 Detection of Lung Tumor Biomarkers

Lung cancer is one of the most common forms of cancer. According to the statistical
report in 2020, about 11.4% of the total new cancer cases are lung cancer, which is
only slightly lower than breast cancer; the death percentage of lung cancer is about
18.0%, which is the highest (Fig. 11.1). The disease is not easily treated as the lung
tumor will always spread in the early stages to other organs, e.g., the liver, brain, and
bones, which results in dangerous outcome. Conventional methods commonly used
to test lung cancer tumor include ultrasound [40], magnetic resonance imaging (MRI)
[41], computerized tomography (CT) or computerized axial tomography (CAT) scan
[42]. However, these methods are invasive, and expensive and their resolution is not
enough to detect small-sized tumors in their early stages. Currently, major trouble is
the late diagnosis of lung cancer, which leads to a difficult prognosis of the disease
[43].

Developing techniques for early detection of lung cancer thus becomes criti-
cally important, which will allow clinicians to choose appropriate treatments for the
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patients and improve the survival time. As mentioned above, when cancer tumors
occur in the body, special biomarkers will be released by the cancer cells. The amount
of the biomarkers in the biological fluids is different with the growth of the cancer.
Therefore, detection of the lung cancer biomarkers becomes an effective way for clin-
ical diagnosis of the disease. Numerous biomarkers are identified for lung cancer,
e.g., CEA, CA19-9, SCCA, CYFRA21-1, NSE, EGFR 2 (HER2), VEGF, CA 125
(MUCI16), and TPA (Table 11.1) [44]. Quantification of such tumor biomarkers in
human blood samples by electrochemical biosensors may indicate the stages of lung
cancer [45, 46].

CEA, a 180 kDa molecular weight glycoprotein, was previously identified as a
multi-tumor biomarker that could be found in various cancers, such as colon cancer,
breast cancer, ovarian cancer, as well as lung cancers [26]. The abnormal increase
of CEA concentration in blood may indicate the presence of lung cancer. Huang
et al. developed a simple and sensitive electrochemical biosensor for the detection
of CEA [47]. The glass carbon was selected as the electrode (GCE), and they coated
the GCE with Au-F127 strawberry-like nanospheres. Here, the specific Au-F127
nanostructures had a large surface area and could be effectively immobilized with
anti-CEA (Fig. 11.3a). In addition, the noble gold could accelerate electron transfer
at the interface and improve the signal sensitivity. DPV test was then performed to
evaluate the performance of the biosensor for the CEA detection. As a result, in a
wide CEA concentration ranging from 0.01 and 80 ng/mL, the biosensor exhibited a
linear response. And a low detection limit of 0.24 pg mL~! at a signal-to-noise (S/N)
ratio of 3 was achieved. This biosensor was further used to analyze CEA in human
serum samples, which was consistent with the reference values obtained from the
hospital. In another example, a label-free electrochemical biosensor was constructed
with Prussian blue nanoparticles-decorated molybdenum disulfide nanocomposite.
When it was used for the CEA detection with a concentration down to 0.005-10 ng
mL~!, the biosensor still showed a linear response. The detection limit was down to
about 0.54 pg mL~! [48].

There are mainly two histological types of lung cancers depending on the cell
size. If the cell size is small, the cancer is defined as small cell lung cancer (SCLC);
otherwise, it’s non-small cell lung cancer (NSCLC). About 20% of lung cancer
falls into the SCLC category, which spreads quickly and should be determined as
early as possible [49], 4]. One effective way is to detect neuron-specific enolase
(NSE), which is a sensitive and featured tumor biomarker for SCLC [50]. NSE is
composed of two nearly identical polypeptide chains with each molecular weight
of 39 kDa, and is found to be abnormally high in patients with SCLC. Thus, it’s of
great importance to test the NSE in order to determine and monitor the SCLC state
[51]. Chen et al. developed an electrochemical biosensor for the detection of NSE
(Fig. 11.3b) [52]. They fabricated a microporous reduced graphene oxide/polyaniline
(rGO/PANI) film, which had a 3D porous structure and could provide a large surface
area for immobilizing the antibodies. In addition, the composite exhibited enhanced
conductivity, which may contribute to the sensitivity. Under the optimal conditions,
the biosensor was used to test the NSE solutions, and a DPV curve was collected.
In the NSE concentration ranging from 0.5 pg mL~! to 10.0 ng mL~!, a linear
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current response was obtained. The NSE detection limit of 0.1 pg mL~! was finally
achieved. The biosensor was proposed to detect NSE in serum samples due to its
good analytical performance, such as high selectivity, good stability, and sufficient
reproducibility.

11.3.2.2 Detection of Breast Cancer Biomarkers
Breast cancer (BC) is a specific threat to women. In 2020, BC is reported to occur in

women with the highest incidence rate (11.7%), which is still increasing. Globally,
about 684 996 deaths (6.9%) were caused by BC in 2020 (Fig. 11.1). Only in the
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United States, it’s estimated that there will be 297,790 new BC cases in women in
2023 [53]. To improve cancer survival rates, diagnosis of the BC disease at early
stages is critical, which will enable early intervention and proper treatment. Previous
reports have indicated BC survival rates could be significantly improved in the long
term when suitable treatment is applied. Traditional diagnostic techniques which are
very expensive and time-consuming could not effectively determine the BC tumor
in the early stage [54].

Recent electrochemical diagnostic platforms were reported as a more efficient and
less costly way for the determination of BC by detecting various BC biomarkers [1].
FDA-approved diverse BC biomarkers could be classified as nucleic acid, protein,
tumor cell, and exosomes [1]. For example, vital protein biomarkers include human
epidermal growth factor receptor-2 (HER-2), estrogen receptor (ER), and proges-
terone receptor (PR) [55]. The other typical biomarkers include breast cancer suscep-
tibility gene (BRCA1, BRCA2), microRNA, CA15-3, CEA, CA19-9, CA125, and
circulating tumor cells (CTC), et al. (Table 11.1) [55].

BRCA1 and/or BRCA?2 are important tumor biomarkers and could be used for
diagnosis of BC. The change of BRCA1 and/or BRCA?2 strongly indicates the pres-
ence of BC [56, 57]. Recently, a DPV electrochemical biosensor was constructed for
the detection of BRCA1 (Fig. 11.4a) [58]. A selected GCE surface was coated with
polypeptide-doped poly(3.4-ethylenedioxythiophene), followed by further modifi-
cation with a capture of DNA probe and methylene blue (MB). Here, MB was added
to improve the DPV signal. When the biosensor was used to detect BRCA1, which
was attached to the electrode due to the specific interaction with the DNA probe, MB
would be released and generated a large change in the DPV signal. The peak current
change was linearly related to the BRCA1 concentration in the range of 0.01 pM to
1 nM. The BRCA1 concentration as low as 0.0034 pM was promising to be detected
(S/N = 3). Usually, it’s a challenge for electrochemical biosensors to be applied for
real clinical applications because biomolecules in serum samples will attach to the
electrode surface and produce troublesome background signals. The DPV biosensor
in this work was highly antifouling, and exhibited good analytical performance in
detecting BRCA1 in human serum samples.

Another typical BC biomarker is HER2, which is a transmembrane protein with a
molecular weight of 185 kDa [59]. The protein could promote tumor growth, which
in turn enhances cell proliferation, invasion, and spread to other tissues [60]. HER2
is found to over-express in 15-20% of invasive BC, and has been widely studied
[12]. Marques et al. reported a carbon electrode-based electrochemical biosensor
for the quantitative analysis of HER2 extracellular domain (ECD) (HER2 ECD) in
human serum sample (Fig. 11.4b) [61]. The detection process was relatively complex.
The biosensor electrode was fabricated by screen-printing and coated with gold
nanoparticles, followed by modification with HER?2 antibodies. After the biomarker
HER2 ECD was captured, the biotin-modified HER?2 antibodies were then added
to connect with the biomarker. Subsequently, a streptavidin—alkaline phosphatase
conjugate was utilized and attached to the biotin to label the detection HER2 anti-
bodies. Finally, an enzymatic substrate (3-indoxyl phosphate) and silver ions were
used. Metal silver would be obtained in the enzymatic reaction, and analyzed using
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linear sweep voltammetry. The biosensor could detect the HER2 ECD in human
serum with a linear response in the concentration range of 15-100 ng mL~'. The
detection limit of 4.4 ng mL~' was attained.

11.3.2.3 Detection of Prostate Cancer Biomarkers

Prostate cancer is one of the biggest threats to men. In 2020, prostate cancer resulted
in 375, 304 deaths (Fig. 11.1). In order to improve the survival rate, it’s necessary
to monitor the status of prostate cancer in the long term. The amount of prostate-
specific antigen (PSA) in the blood samples is higher in prostate cancer patients than
in normal persons [16]. Thus, in the case of prostate cancer testing in its early stages,
PSA, which was a US FDA-approved biomarker in 1986, has been widely used to
screen for prostate cancer in men. With the development of nanotechnologies and
the demand for more sensitive detection, electrochemical sensors for PSA detection
have attracted increasing attention. For example, Pothipor et al. designed and devel-
oped a highly sensitive electrochemical biosensor for the detection of PSA [62].
The electrode of the biosensor was modified with a conductive polymer composite
doped with graphene—poly(3-aminobenzoic acid) (GP-P3ABA) nanomaterial. Then
porous-hollowed-Ag-AuNP core—shell nanoparticles (PHSGNP) were synthesized
as labeling for the detection of PSA. In the presence of PSA, PHSGNP labeling was
combined to the electrode modified with GP-P3ABA, which exhibited significantly
enhanced sensing efficiency. The detect limit was 0.13 pg mL~!.

As PSA is not specific, PSA detection is not sufficiently sensitive (limited sensi-
tivity of ~80%). In practical use, false-positive results often happen, which result
in unnecessary biopsy and overtreatment for many patients [16, 63]. In addition,
increased PSA concentration can also be found in normal persons, thus the PSA-
based screening is not always correct [64]. Therefore, selecting new biomarkers or
developing strategies for multiple tumor biomarkers detection is becoming more and
more important for accurate early-stage prostate cancer diagnosis. Previous studies
showed that sarcosine has a close correlation with the prostate cancer. Sarcosine’s
concentration is significantly increased in cancer patients, and thus could be used
as a combined biomarker [65]. Recently, Lu et al. elaborately designed an electro-
chemical aptasensor for simultaneous detection of PSA and sarcosine [66]. They first
prepared hierarchical MoS, nanostructures on the surface of GCE (Fig. 11.5). The
flower-like structure could enhance surface area and improve DNA hybridization
efficiency. Then two functional SiO, nanoprobes modified with both numerous elec-
troactive redox indicators and a carboxyl-modified DNA were designed and attached
to the MoS, surface by DNA hybridization. In the presence of PSA and sarcosine,
Si0;, nanoprobes were detached from the MoS, surface, and the electrochemical
signal was dramatically reduced. The biosensor could successfully detect both PSA
and sarcosine biomarkers in human serum with corresponding detect limits of 2.5
and 14.4 fg mL~!, respectively. Furthermore, cancer patients and healthy ones could
be distinguished.
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Fig. 11.5 Electrochemical biosensors for the detection of prostate tumor biomarker PSA (Repro-
duced from [66])

11.3.2.4 Detection of Colon Tumor Biomarkers

Colon cancer is usually regarded as an old age disease. It is the third most frequent
cancer type, and the second leading cause of death worldwide (Fig. 11.1). According
to a recent report in 2020, there were 1, 931,590 new cases of colon cancer and
935,173 deaths occurred due to colon cancer globally. The exact reason for colon
cancer is still unclear. Colon cancer-related biomarkers, such as nuclei acids (e.g.,
specific genes, mutant DNA, specific microRNA), proteins (e.g., CEA, p53), and
circulating tumor cells, have been utilized for cancer detection [67].

miRNA-21 is a microRNA acting as an oncogene, and has been proposed
as a biomarker for colon cancer monitoring. For example, the electrochemical
biosensor was reported for the detection of miRNA-21 extracted from a colon
cancer cell sample [18]. Commercially available magnetic particles labeled with
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streptavidin were used and modified further with the biotinylated capture probe.
The miRNA-21 extracted from exosomes was initially captured by the magnetic
particles, and then was further collected from the bioconjugates after heating and
magnetic separation. When miRNA-21 was finally adsorbed onto the electrode
surface, DPV was performed to successfully detect its concentration in the pres-
ence of the [Fe(CN)s]*~/*>~ redox system. The reported method exhibited a detection
sensitivity of 1.0 pM for the serum sample with a detection limit of 1.0 pM.

p53 is a kind of tumor-associated antigen and plays a significant role in cellular
functions [68]. It’s an important colon tumor biomarker and its concentration in the
serum samples will increase to 1.03 ng mL~! when the cancer is present, compared
to the normal level of 0.52 ng mL~! [69]. In an example reported by Garranzo-
Asensio et al., an electrochemical biosensor was designed for the detection of p53-
specific autoantibodies (Fig. 11.6) [70]. The functional magnetic beads (MBs) were
first prepared by covalently modified with HaloTag fusion p53 protein which had
specific interaction with bio-targets. The p53-autoantibodies were then selectively
captured by the MBs, which were subsequently conjugated with immunocomplexes
anti-human IgG-HRP, and added onto carbon-based electrodes. Amperometric test
under the enzymatic reduction of hydroquinone/H,O, was used to determine the
concentration of p53 autoantibodies in the serum sample. The proposed biosensor
could accurately determine the p53 in serum samples from patients with a high
possibility of developing colon cancer and from patients with diagnosed ovarian and
colon cancer.

11.3.2.5 Detection of Liver Tumor Biomarkers

LC is the sixth most prevalent malignant tumor worldwide, and there are 905,677
new cases of LC in 2020. LC is ranked the third leading cause of cancer-related death
in 2020, and about 830,180 deaths are recorded (Fig. 11.1). The highly malignant
LC develops rapidly in a short time but there is no effective prognosis currently.
More seriously, no obviously abnormal symptoms could be seen in LC patients at
the early stages. Thus, in most cases the diagnosis is relatively late and the limited
treatment is rather poor, resulting in a high mortality rate is high [71]. According
to the Barcelona Clinic Liver Cancer (BCLC) system, LC can be classified into
five stages, that is very early disease (stage 0), early disease (stage A), intermediate
disease (stage B), advanced disease (stage C), and terminal disease (stage D) [72]. In
the early stage (0 or A), survival at five years is in high possibility, which significantly
reduces in the advanced stage [73]. Therefore, early diagnosis and interference of LC
seem quite important to improve the survival time and quality of patients. The elec-
trochemical detection of LC-related biomarkers is an effective way and has received
great attention.

AFP is a featured glycoprotein mainly produced by liver cells, and has been
commonly used as a clinical tumor biomarker for the diagnosis of liver cancer
tumor [24]. The normal AFP concentration in human blood is generally lower than
20 ng ml~!, but will increase significantly to be higher than 400 ng mL~!' when the
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liver cells are damaged or in the presence of a liver tumor. Therefore, the detection
of AFP in the blood may indicate the presence of a liver tumor, and then proper
treatment could be used [24]. Recently, highly sensitive electrochemical detection
of AFP was reported by using a gold-based electrode [74]. In order to improve the
electroanalytical performance, a bare gold electrode was modified by depositing gold
nanowires on the surface, which was then coated with polydopamine (PDA) nanofilm.
The as-prepared electrode had a structured surface with significantly increased active
surface area, which improved both the electron transfer and the immobilization of
antibodies for AFP capture. The new electrochemical biosensor could detect AFP in
the concentration range of 0.1 pg mL~! to 50 ng mL~! with a linear response. The
detection limit reached 0.01 pg mL~'. In another study, Wang et al. constructed a
sandwich-type electrochemical biosensor for AFP detection with a high selectivity
(Fig. 11.7) [75]. The biosensor was fabricated on a gold electrode. Two recognition
elements,i.e., Abl and Ab2 were used. Ab1 was directly modified to the electrode and
Ab2 assembled with Abl to form the sandwich structure through the AFP connec-
tion. Ab2 and electroactive redox probe of aminoferrocene (AF) were also attached to
PDA nanoparticles (AB2-PDA-AF). The electrochemical signal of the biosensor was
first amplified by the oxidation of the AF on Ab2-PDA-AF, and then by the reaction
between AF/AF* and the catechol groups of PDA nanoparticles. This immunosensor
exhibited good performance of good selectivity, stability, and reproducibility, and the
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detection of AFP in human serum samples was well achieved with a detection limit
of ca. 0.01 pg mL~".

11.4 Conclusion and Outlook

With continuous efforts devoted to the early and precise diagnosis of cancer, signifi-
cant progress has been made in the construction and development of various electro-
chemical biosensors for tumor biomarker detection in the past decade. Particularly,
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owing to the rapid development of new nanomaterials and nanotechnology, novel
electrochemical biosensors with ultrahigh sensitivity, selectivity, and simplicity have
been achieved, which make them quite promising to be applied in the diagnostic test
at the molecular and cellular level and using small amount blood samples.

On the other hand, towards practical utilization, many challenges remain. There
is a need for the enhancement of electrochemical biosensors for multiple tumor
biomarker detection as some tumors cannot be determined by a single biomarker.
For example, CEA is a common tumor biomarker found in lung cancer, breast cancer,
colon cancer, and gastric cancer, and the detection of CEA could not provide suffi-
cient information about cancer. Achieving successful clinical tests also requires
further improvement of the electrochemical biosensors in the aspects of stability,
repeatability, and interference immunity. To develop cheap and portable biosensors
for real-time analysis is also important, which will enable the techniques to be widely
utilized at home.
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Chapter 12 ®)
Electrochemical Biosensors for Virus G
Detection

Zhi Zheng, Haiyang Li, Hui Li, and Fan Xia

Abstract Viruses could be copied with millions of new particles in the host cell,
making long-term threats to public health due to their stable gene and fast spreading
capacity. Rapid and accurate detection of viruses could prevent proliferation and
is very important for global health. Conventional strategies for detecting viruses
encounter difficulties in clinical practice because of complex sample preparation,
high technical operators, and time-consuming process. Electrochemical biosensors
could determine viruses with cost effectiveness, wide liner range, low limit of detec-
tion, high specificity, and the possibility of miniaturization due to the signaling
mechanism between redox-active tags and electrodes. Bio-recognition probes and
electrode interface nanomaterials are two basic parts of electrochemical biosensors.
The detection of viruses could be enhanced by designing bio-recognition probes and
developing electrode interface nanomaterials.

Keywords Electrochemical biosensors * Viruses - Bio-recognition probes *
Electrode interface nanomaterials

12.1 Introduction

During the past few decades, viruses including Zika virus (ZIKV), Ebola virus (EBV),
hepatitis virus, dengue virus (DENV), influenza virus, human immune deficiency
virus (HIV), and recently epidemic COVID-19 et al. caused outbreaks and became
the major concern of today’s world [1-3]. These viruses possess a lipidic envelope
and a protein capsid with a few genes and a small volume, which could be copied with
millions of new particles in the host cell, leading to severe diseases [4, 5]. Worse still,
viruses may induce long-term threats to public health because of their stable gene
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and fast-spreading capacity. Therefore, it is crucial to detect viral diseases rapidly
and accurately to prevent proliferation and take adequate treatment [6].

Conventional strategies such as reverse transcription polymerase chain reaction
(RT-PCR) could accurately detect viruses [7], but encounter difficulties with the
complex fabrication of samples, high requirements of technical operators, and long-
time process [8—12]. Optical biosensors can detect viruses by the wavelength shift,
intensity change of response signal in a label-free merit, however, the measure-
ment requires a sophisticated light source, optical detector as well as precise optical
alignments to improve the sensitivity [13]. Mechanical biosensors including micro-
cantilever types, micropillar types, piezoelectric types, and photoacoustic types
monitor mass or frequency change before and after virus binding [14]. However,
the performance of mechanical biosensors was affected by various factors such as
the mechanical and geometrical properties, cantilever dimensions, antibodies immo-
bilization, antigen distribution, surface energy, and ambient environment, leading to
low stability and repeatability [15].

For electrochemical biosensors, the immobilized biomolecules react with target
analytes and produce electrons, the biochemical information is transformed into elec-
trochemical signals such as capacitance, potential, current, and conductivity et al.,
electrochemical biosensors could determine viruses with high sensitivity, high speci-
ficity, and the possibility of miniaturization [16]. According to the measurement
mode, electrochemical biosensors could be divided into amperometric, voltammetric,
impedimetric, conductometric, polarographic, potentiometric, capacitive, and piezo-
electric [17]. As shown in Fig. 12.1, virus detection based on electrochemical biosen-
sors is widely concerned due to their signaling mechanism and easy-operated plat-
form. In this chapter, we focus on bio-recognition probes as receptors and electrode
interface nanomaterials as transducers to improve the performance of electrochemical
biosensors.

12.2 Bio-recognition Probes

Bio-recognition probes, assembled by organized molecules or macromolecules, are
vitally important parts of electrochemical biosensors to guarantee the recognition of
virus detection specifically [18]. Nucleic acids, antibodies, and peptides are common
bio-recognition probes which have been widely concerned in the detection of viruses
[19].

12.2.1 Nucleic Acids

The specific binding between nucleic acids and viruses could trigger the change
of electrochemical signals by modulating the transfer of electrons between elec-
trodes and redox-active probes [20, 21]. With the merits of high specificity, stability,
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Fig. 12.1 The schematic diagram of an electrochemical biosensor platform for detecting a variety
of viruses. The electrochemical biosensor platform mainly contains four parts: Target virus, biore-
ceptors, transducer, and electrochemical signal. The target virus binds onto the surface of electrodes
by the bioreceptors, and this biochemical process could produce an obvious electrochemical signal
by the transducer. (Reprinted with permission from Ref. [6]. Copyright 2020 Elsevier B.V.)

and miniaturization possibilities, nucleic acid-based electrochemical biosensors are
widely applied in the fabrication of biosensors [22]. For example, Brito-Madurro et al.
reported specific DNA-decorated graphite electrodes of electrochemical biosensors
to detect hepatitis B virus (HBV) by monitoring oxidation peaks of ethidium bromide
(EB) in the blood plasma of infected patients (Fig. 12.2a) [23]. The DNA probe was
decorated on the graphite electrodes by the 4-Aminophenol (4-AMP) with two elec-
trochemically active substituent groups (NH, and -OH). The hybridization process
of the DNA probe and DNAgen could be detected by the electrochemical impedance
spectra (EIS) at high frequencies. As the concentration of DNAgen increases, the
resistivity of biosensors increases. As shown in Fig. 12.2b, the DNA probe could espe-
cially recognize the complementary region of virus, allowing the detection with a low
limit of detection (35.69 ng mL~") and wide linear range (1.176—4.825 jLg mL™!).
The biosensor could also work in the plasma with a short assay time, showing a
potential application for detecting HBV.

As shown in Fig. 12.3, Liang et al. detected SARS-CoV-2 via probes of peptide-
DNA (pDNA) and signal molecules of methylene blue (MB) [24]. The formation
of double-stranded DNA could enhance the electrical signal by binding more MB
molecules for monitoring by square wave voltammetry (SWV) measurement. The
binding of SARS-CoV-2 onto the surface of electrodes induced an obvious SWV
signal. This detection could be conducted in real solutions such as blood and saliva.
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Fig. 12.2 The schematic process of constructing DNA-decorated graphite electrodes for detecting
HBYV based on the electrochemical biosensor. a The graphite electrodes were coated by 4-AMP for
the decoration of HBV genomic DNA. Based on the oxidation of EB, the HBV could be detected by
the electrochemical method. b The calibration curves of charge values at different concentrations
of genomic DNA from HBV-positive patients. (Reprinted with the permission from Ref. [23].
Copyright 2023 Springer Nature Switzerland AG.)

The detection limit is low to 27.18 fM, and the linear detection range could be as
wide as 1 pg mL~'-10 pg mL~". Moreover, the detection of proteins shows higher
SWYV signals than other interferents such as albumin, demonstrating high specificity
for practical application.

Fig. 12.3 The schematic process of detecting SARS-CoV-2 based on electrochemical biosensors.
Carboxyl-modified DNA1 was cross-linked to the substrate peptide to form a composite of pDNA.
Then, the pDNA bonds with Au nanoparticles (AuNPs) to form AuNP-peptide-DNA nanoprobes.
In the presence of target protease, the peptide substrate was cut off, leading to the release of a
DNAI1 fragment. The DNA1 could hybridize with DNA2 on the surface of electrodes to form
double-stranded DNA (dsDNA). Signal molecules MB could insert into the dsDNA and produce
significant electrochemical signals to detect SARS-CoV-2. (Reprinted with the permission from
Ref. [24]. Copyright 2022 Elsevier B.V.)
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12.2.2 Antibodies

Antibodies, connected with the key hinge disulfide bridges, are two fragment-antigen
binding (Fab) proteins [25]. The Fab fragments termed with disulfide (Fab’) could
bind with viruses through covalent interaction. Recognition molecules based on
antibodies have been widely applied in diagnosing viruses due to their operational
simplicity to decorate, and high specificity to bind with targets with high sensi-
tivity [26]. The electrochemical biosensors based on antibodies could detect different
types of viruses including coronaviruses, Zika, rotavirus, enterovirus, HIV, etc.,
which is promising to substitute traditional RT-PCR [27]. Based on the modifica-
tion of alkaline phosphatase (ALP) and polyclonal antibody on bifunctional fluo-
rescence magnetic nanospheres (FMN), the digital enzyme-linked immunosorbent
assay (ELISA) could capture avian influenza virus (AIV) by controlling the propor-
tion of magnetic nanospheres (Fig. 12.4) [28]. The higher concentration of polyclonal
antibody could increase the capture efficiency of H7N9 AIV. Moreover, the biolog-
ical activity of polyclonal antibodies could last about 5 weeks. In the chicken serum
and liver sample, the biosensor could especially recognize H7N9 AIV and demon-
strate a much higher signal than control groups from the linear sweep voltammetry.
The detection limit of the biosensor for detecting H7N9 AIV is low to 7.8 fg/mL,
indicating sensitive and accurate detection in early disease diagnosis. The biosensor
shows a 29-fold higher response of H7TN9 AIV than other interferents, indicating a
high specificity and potential practical application.

Based on antibody modification to specially capture M1 protein to cause the
change of EIS, Siuzdak et al. reported an electrochemical biosensor to detect several
viruses per sample in saliva buffer with a low limit of detection (5 x 10714 g/mL).
This method is suitable to detect all influenza A by choosing corresponding anti-
bodies [29]. Zourob et al. detected the SARS-CoV-2 virus by integrating collection
and detection samples into screen-printed electrodes with absorbing cotton padding
and immobilizing virus nucleocapsid protein antibodies. The binding of antigen by
the antibody increases the intensity of the current peak of the redox couple. The elec-
trochemical biosensors show a low LOD (0.8 pg/mL) and excellent specificity with
rapid detection [30]. Hushegyi et al. designed electrochemical biosensors based on
glycan for the selective and reliable sense of influenza viruses H3N2 with the visu-
alization of atomic force microscopy [31]. The biosensors could detect influenza
viruses H3N2 selectively from different subtypes based on immobilization of anti-
bodies. The LOD of biosensors is as low as 13 viral particles wl1~!, and the sensitivity
is 30 higher than influenza viruses H7N7.

12.2.3 Peptides

Peptides have unique properties such as simple preparation, smaller size, and diverse
functionalization methods, which could be designed for a high-selectivity diagnostic
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Fig. 12.4 The illustrated process of counting H7N9 AIV by the electrochemical method. Polyclonal
antibodies and ALP are immobilized on FMN to separate H7N9 AIV in complex samples. ALP could
catalyze the p-aminophenyl to form p-aminophenol. On the surface of the microelectrode array, the
Ag" is reduced to Ag?, leading to the change of electrochemical signal which was counted as “0” or
“1”. The concentration of H7N9 AIV could be calculated through the probability of “0”. (Reprinted
with the permission from Ref. [28]. Copyright 2017 American Chemical Society)

of viruses [32, 33]. Moreover, peptides could provide quantitative detections of
viruses as the electron transfer rate of signal markers is different before and after
binding with viruses [34]. Orozco et al. detected Spike protein of SARS-CoV-2
virus resulting from COVID-19 patients based on synthetic thiolated peptide biore-
ceptor by EIS with [Fe(CN)g]>~"#~/KNOs as redox pair. The 23 amino acids in the
synthetic peptide could specifically bind with the RBD region of Spike protein. The
designed device could detect Spike protein in viral swabs with high reproducibility,
sensitivity as well as specificity [35]. Reddy et al. report an ultrasensitive biosensor
based on peptide probes to detect HIN1 influenza viruses and H5N2 influenza
viruses, respectively [36]. The binding of HIN1 and H5N2 with peptides leads to
the decreased peak current. The two recognition sequences in peptide enhance the
affinity to detection for a real clinical application. The electron transfer between
electrolyte solutions and peptides was accelerated by the electrostatic interactions
between the redox species and N-terminus in the peptide. In this strategy, the detec-
tion limit of influenza viruses and viral proteins is low (3.63 and 2.39 nM for HIN1
and for H5N2, respectively). Moreover, the peptide-based electrochemical biosensor
demonstrates specific detection of their corresponding targets. Alves et al. reported
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a new biosensor for detecting Breast Cancer by selecting two peptides (biotin-C3
and biotin-H2) as the biorecognition phase in serological samples [37]. Further-
more, the 3-(3-aminophenyl)propionic acid was electropolymerized during the elec-
trochemical process. Compared to the result of ELISA, this Biotin-C3 and biotin-
H2 peptide shows optimized reproducibility and stability, and a new perspective
of electrochemical platform for characterization of BC. Different from traditional
immobilized strategy of probes on substrates, Ito et al. dispersed peptide ligands in
biological buffers to efficiently and selectively capture the virus (Fig. 12.5) [38]. The
peptide ligands become electropolymerized before capturing the virus and deposit
as a polymer layer on the surface of the electrode to reduce the transferred elec-
trons between electrodes and redox molecules. The concentration of influenza virus
was determined by the concentration of protein in the K;[Fe(CN)¢] solution. As
the concentration of influenza virus increases, some peptide ligands cannot elec-
tropolymerize after binding with the virus, increasing the transfer of electrons to the
electrode and realizing the amplified “turn-on”.
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Fig. 12.5 The detection of influenza viruses based on peptide probes decorated electrochem-
ical biosensor. The peptide ligands become electropolymerized with the interaction of 3.4-
ethylenedioxythiophene (EDOT) if there is no influenza virus in the sample. The mixture of peptide
ligands and EDOT is deposited as a polymer layer on the electrode surface which will decrease
the transfer of electrons between electrode and redox molecules. Peptide ligands would bind with
influenza viruses if they are present in the sample, inhibiting the formation of a polymer layer on
the surface of the electrode, and increasing the number of transferred electrons to the electrode.
(Reprinted with the permission from Ref. [38]. Copyright 2023 Royal Society of Chemistry)
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12.3 Electrode Interface Nanomaterials

The nanomaterials on the working electrodes link the sensing interface and virus
targets in the solution, playing an important role in fabricating high-performance
electrochemical biosensors [39-41]. With modifying bio-recognition probes, the
affinity of targets and sensitivity of detecting performance could be usually improved
by modifying nanomaterials [42, 43]. The main reported nanomaterials and their
application for detecting viruses are introduced as follows.

12.3.1 Gold-Based Nanomaterials

Gold nanoparticles (Au NPs) could link probes with high bioactivity and facili-
tate the transfer of electrons between the sensing interface and targets, which are
widely used as electrode interface nanomaterials [44, 45]. Moreover, Au NPs could
coordinate many kinds of functional groups such as —SH, forming multilayered
bionanocomposite interface film [46, 47].

Palomar et al. modified Au NPs on the surface of the electrode to detect dengue
toxin selectively and sensitively due to the large surface area and reactive inter-
face for immobilizing antibodies via covalent binding interaction (Fig. 12.6) [48].
The electrochemical measurements were carried out in K4[Fe (CN)g]*~/K;[Fe
(CN)s]*~ mixed solution to monitor the redox peak current intensities to investigate
the electron transfer. The biosensors demonstrated a high sensitivity (- 0.44 pA/
decade), a wide linear range (1 x 1072—1 x 107® g/mL), and extremely low LOD
(3 x 10713 g/mL) for detecting dengue virus 2 NS1. Moreover, the biosensor also
shows excellent selectivity, reproducibility in human serum for diagnosis of dengue
fever. Karakus et al. decorated Au NPs as linker molecules to immobilize spike
antibody (mAb) to form Au NPs-mAb, allowing the simple and quick detection
of pg/mL spike antigen in saliva [49]. During the measurement of the cathodic scan,
the groups on the mAb surface such as carbonyl were reduced. The number of free
groups decreases after adding an amount of spike antigen, leading to a decreased
reduction signal. Moreover, the biosensor shows excellent selectivity while detecting
100 pg/mL MERS-CoV spike antigens, influenza A and Streptococcus pneumoniae
with no response. This strategy is easily integrated into commercial kits with cost-
efficiency and high speed, showing potential application in the diagnosis of viral
diseases.

As shown in Fig. 12.7, Heo et al. modified the electrode with a flower-shaped
gold nanostructure to increase its surface ratio and conductivity. The repulsive force
between [Fe(CN)s]*>~ and negative charges of SARS-CoV-2 RNA increased the resis-
tance of electron transfer after the targets were captured, leading to the decrease of
the current signal. The optimal ratio of Casl3a-crRNA could further enhance the
response signal of biosensors, lowering the LOD of ORF genes of SARS-CoV-2 to
4.4 x 1072 fg/mL and the LOD of S genes of SARS-CoV-2 to 8.1 x 107 fg/mL,
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Fig. 12.6 The schematic process of detecting dengue virus with Au NPs. The Au NPs were elec-
trodeposited onto the surface of MWCNTSs. And the cysteamine was grafted on the surface of Au
NPs by the Au-S binding interaction. Then the dengue antibodies were linked by cysteamine via
EDC/NHS coupling for the recognition of dengue toxin. (Reprinted with the permission from Ref.
[48]. Copyright 2023 Springer Nature Switzerland AG.)

respectively [50]. Hong et al. utilized the electrodeposition method to fabricate Au
nanostructures on the electrode surface for the sensitive, rapid, and selective detection
of norovirus based on the recognition element of concanavalin A [51]. The electro-
chemical measurements such as CV and EIS based on the redox probe of Fe(CN)e3~/
Fe(CN)s*~ were used to detect NoV. The binding of NoV reduced the penetration
of the redox probe, leading to a low electron transfer conductance. The biosensors
showed a wide linear range (10% and 10° copies/mL), and low LOD (35 copies/mL)
in 1 h assay time. The biosensor also showed excellent specificity of approximately
98%.

12.3.2 Carbon-Based Nanomaterials

Carbon-based nanomaterials such as graphene quantum dots, 1D carbon nanotubes,
or 2D graphene oxide could increase the electron transfer rates and electrical conduc-
tivity between the targets and sensing interface, resulting in high-sensitivity biosen-
sors [52, 53]. Tancharoen et al. added graphene oxide composites into surface
imprinted polymers (SIP) to increase conductivity to fabricate electrochemical
biosensors for detecting ZIKV in serum with LOD (10-250 RNA copies/mL,
Fig. 12.8) [54]. The detecting effect of viruses was measured by the following EIS
and CV based on redox couples of K4sFe(CN)s/K3Fe(CN)g. And the impedance of
the electrode decreased after increasing the concentration of ZIKV. As the concen-
tration of ZIKV increases, only the biosensor with SIP shows the obvious response,
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Fig. 12.7 The schematic process of detecting SARSCoV-2 viruses based on gold nanoflower. The
viral RNA was extracted from infected patients in saliva with a lysis solution. Then, Cas13a-crRNA
with high enzymatic activity was added to the mixture after binding with SARSCoV-2 RNA. The
electrode is modified with a flower-shaped gold nanostructure followed by reporter RNA (reRNA)
molecules, which were tagged with methylene blue. The activated Cas13a-crRNA complex solution
was added to cleave the reRNA. The SARS-CoV-2 can be detected by quantifying the current change.
(Reprinted with the permission from Ref. [50]. Copyright 2022 Elsevier B.V.)

demonstrating a high specificity. Wang et al. detected HIV based on TizC,Tx modi-
fied ZIF-8 electrochemical biosensor [55]. The addition of TizC,Tx could prevent
the decrease of specific surface area due to the aggregation of ZIF-§, benefiting
to increase the electrolyte transport and enhance the electrochemical luminescence
intensity. This biosensor shows the linear response in the range of 1 fM to 1 nM and
the LOD is 0.3 fM (S/N = 3) after optimization, and great recoveries in real serum
samples. The response shows no obvious intensity when detecting other analogs,
indicating acceptable specificity. Gogola et al. synthesize graphene quantum dots
to modify electrodes to immobilize aptamer and amplify the electrochemical signal
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Fig. 12.8 The illustrated process of detecting Zika viruses based on decorating graphene oxides
to the surface of a gold electrode. The graphene oxide was mixed with prepolymer gel to form
composites, then was spin-coated to form a thin film on the surface of the gold electrode. Zika virus
particles have a chance to occupy copolymers sites during the self-assembly process of prepolymer.
The recognition sites of virus cavities could form after the virus was removed, which was used for
detecting Zika viruses based on the electrochemical method. (Reprinted with the permission from
Ref. [54]. Copyright 2018 American Chemical Society)

for detecting HIV-p24 protein with a linear response range from 0.93 ng mL~! to
93 mgmL~" andlow LOD (51.7 pgmL~") [56]. The biosensor could identify positive
and negative samples in spiked human serum for real samples. Ma et al. developed a
simple method to determine HIV-p24 based on the decoration of multi-walled carbon
nanotubes (MWCNTS) as electrode nanomaterials [57]. The decoration of MWCNTSs
was triggered by surface polymerization with acrylamide. The effect of modification
was monitored by the electrochemical signal. The biosensor exhibited a wide linear
range (0.1 pg cm™3-2 ng cm™3) and the LOD is low to 0.083 pg cm~? for detecting
HIV-p24. Chin et al. detected the Japanese encephalitis virus (JEV) based on carbon
nanoparticles decorated screen printed carbon electrodes in human serum samples
[58]. Then 3-aminopropyl triethoxysilane was functionalized for the immobilization
of the antibody. The analytical performance was improved by modifying carbon
nanoparticles with enhanced electron transfer and current intensity. The linear range
of detecting JEV is 5-20 ng-mL~! with an assay time of 20 min.

12.3.3 Magnetic Nanoparticles

Magnetic nanoparticles have a large surface area and high surface energy to allow
highly efficient electron transfer. Moreover, magnetic nanoparticles could realize
the separation of magnetic viruses and amplification of signals in clinical detection
by external magnets [59]. For example, as shown in Fig. 12.9, Ye et al. utilized
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iron oxide (Fe;O4) magnetic nanoparticles to load with gold-silver core—shell to
fabricate Fe;O4-Au@Ag as a label of signal DNA probe at the interface of the
electrode to detect caulifiower mosaic virus 35S. The ability of the DNA probe
to reduce H,O, during the DPV measurement allowed for ultralow LOD (1.26 x
10~'7 M) and wide linear range (1 x 107'% to 1 x 107! M) by amplifying the
reduction signal of hydrogen peroxide (H,O,) [60]. Furthermore, the response to
target CaM V35S of biosensor remained 96.9% after storing at 4 °C over 15 days,
indicating excellent stability. Durmus et al. developed an electrochemical biosensor
with cocktail-conjugated magnetic nanoparticles to detect SARS-CoV-2 viruses in
human swabs. The MNP-based biosensors showed an obvious oxidative current
during the DPV measurement. After optimization, the LOD is 0.53-0.75 ng/mL.
The biosensors demonstrated high discrimination of positive and negative samples.
Moreover, the polyclonal antibody cocktail demonstrates better performance than
commercial anti-S1 and anti-S2 methods for the detection of 10 negative patients
and 40 positive patients with 100% accuracy [61]. Buyuksunetci et al. designed
electrochemical biosensors with colorimetric assays for the diagnosis of SARS-
CoV-2 viruses (Fig. 12.10) [62]. The magnetic y-Fe,Os nanoparticles functioned
as a peroxidase-like mimic activity to monitor the oxidation-reduction reactions
of 3,3',5,5 -tetramethylbenzidine (TMB) during the reaction between S-protein and
angiotensin-converting enzyme 2 receptor. The detecting results based on this colori-
metric assay in the real samples are in agreement with the result of PCR. Moreover,
the biosensors could detect the alpha variant of COVID-19 without changing anti-
gens or primer reagents, showing potential application in the rapid screening test and
diagnosis of COVID-19.

12.4 Conclusion

In this chapter, we reviewed the electrochemical biosensors for detecting viruses
during the past few decades. For electrochemical biosensors, all kinds of bio-
recognition probes including nucleic acids, antibodies, and peptides have been
designed to widen the liner range, lower the limit of detection, and enhance the
specificity of detecting viruses. Moreover, the development of novel electrode inter-
face nanomaterials, including gold-based nanomaterials, carbon-based nanomate-
rials, and magnetic nanoparticles could provide a large surface area for functionality.
Further research should concentrate on the synergetic design and modulation of
bio-recognition probes and electrode interface nanomaterials to facilitate electron
transfer rates and electrical conductivity between the targets and sensing interface
for high performance. However, most detection of viruses based on electrochem-
ical biosensors was conducted in the laboratory with a high-security level to prevent
the infection of viruses. With efforts, it is strongly believed that the electrochem-
ical biosensors give a fast and high-sensitivity detection of viruses, benefitting the
application in the market.
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Fig. 12.9 Theillustrated diagram of utilizing Fe3 O4 magnetic particles to fabricate an electrochem-
ical biosensor for detecting cauliflower mosaic virus 35S (CaMV35S) gene. I: Solvothermal synthe-
sized Fe3O4 magnetic particles were decorated with polyethyleneimine to form Fe3O4-Au@Ag
composites, which could further be used to decorate signal DNA (sDNA) to form Fe304-Au@Ag-
sDNA probe. II: For the fabrication of the sensing platform, carboxylated multi-walled carbon
nanotubes were dispersed on a glassy carbon electrode to form composites, which could be used
to deposit Au nanoparticles to decorate target DNA (tDNA); Then, the tDNA was measured with
incubating with Fe304-Au@Ag-sDNA solution. (Reprinted with the permission from Ref. [60].
Copyright 2019 Elsevier B.V.)
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Fig. 12.10 The schematic detection of SARS-CoV-2 with the magnetic gamma Fe>O3 nanoparti-
cles by the electrochemical method. With gamma Fe,; O3 nanoparticles, the H,O, included TMB
solution was oxidized, showing a change of color which could be monitored by 654 nm light when
spike protein interacts with ACE2. The experimental analysis was investigated based on the spectro-
scopical and electrochemical techniques. (Reprinted with the permission from Ref. [62]. Copyright
2023 Springer Nature Switzerland AG.)
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Chapter 13
Electrochemical Biosensors for Cells Geda
and Cell Exosomes Detection

Zhi Zheng, Haiyang Li, Hui Li, and Fan Xia

Abstract Cancer has been the major disease of human death worldwide because
of the deterioration of the living environment and lack of advanced early diagnosis
techniques. Generally, cancer is induced by the unlimited proliferation, division,
and differentiation of cancer cells. Cell exosomes are cell-derived vesicles with a
lipid bilayer, containing nucleic acid information and protein of the parent cells.
The diagnosis of cancer depends on the rapid and accurate detection of biomarkers
including cells and cell exosomes. However, the quantity of cancer cells and cell
exosomes is very rare in the early stage and it is a big challenge to detect them in
complex blood samples. Conventional strategies such as the optical methods depend
on the advanced instruments with high costs and requirements of technical operation.
Electrochemical biosensors based on the design of bio-recognition probes such as
nucleic acids, antibodies as well as peptides could improve the performance with the
promotion of target hybridization and electron transport, and further modification of
electrode interface nanomaterials such as metal nanomaterials, carbon nanomaterials,
magnetic nanoparticles and metal-organic framework nanomaterials could increase
the electrical conductivity and improve the capture efficiency. The optimization of
electrochemical biosensors could quantify cells and cell exosomes with low detection
limit, a wide linear range, providing promising strategies for cancer diagnosis.
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13.1 Introduction

Cancer has been the major disease of human death worldwide and threatens public
health because of the deterioration of the living environment and the lack of advanced
early diagnosis and accurate treatment [1, 2]. The conventional clinical prognosis
strategies such as computerized tomography (CT) could not effectively distinguish
tumor from inflammation, magnetic resonance imaging (MRI) requires complex
operation and high cost, and histological biopsy faces the difficulty of time loss and
early metastasis screening [3, 4].

Liquid biopsy possesses merits of rapid detection, low cost, good reproducibility,
and noninvasiveness, and has emerged as a promising candidate for conventional
cancer diagnosis [5, 6]. Cancer cells, including circulating tumor cells (CTCs), are
the most stable and reported biomarkers for preliminary examination of cancers [7,
8]. Recent reports demonstrate that various cancer cells could secrete a large number
of exosomes which play an important role in tumor oncogenesis, tumor metastasis,
and immunoregulation [7, 8]. However, the quantity of cancer cells and cell exosomes
are very rare in the early stage and it is a big challenge to detect them in a complex
blood sample. Until now, many strategies including enzyme-linked immunosorbent
assay (ELISA), fluorescence [9], colorimetric [10], flow cytometry [11], microfluidic
[12] and surface-enhanced Raman scattering (SERS) [13] are widely developed for
the determination of cells and cell exosomes [14, 15]. Therein, optical methods such
as fluorescence and colorimetry approaches are widely applied in the fields of point-
of-care (POC) diagnosis, having significant importance for home healthcare [16, 17].
But the quantitative and sensitive diagnosis based on optical strategies is dependent
on the advanced instruments.

Electrochemical biosensors based on quantitative analysis of signal change
between biochemical molecules and electrochemical transducers were easily inte-
grated for POC devices with high performance [18, 19]. For detection in living
cells, the process of electrochemical detection is more economical and effective than
conventional methods [20, 21]. Generally, researchers design highly sensitive bio-
recognition probes and electrode interface nanomaterials to increase the signal sensi-
tivity. Design probes could recognize more variety of signal molecules, increasing
the electrochemical sensitivity by accelerating the electron transport. Moreover, the
decoration of nanomaterials on the surface of the electrode interface with new phys-
ical and chemical properties could benefit to the discovery of novel mechanisms and
improve the detecting performance of biosensors.

13.2 Bio-recognition Probes

The species and structures of bio-recognition probes including nucleic acids, anti-
bodies, and peptides are crucial to the detecting performance of cells and cell
exosomes [22]. The design and immobilization of bio-recognition probes on the
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surface of electrodes could improve the electron transport and activity of redox tags,
thus increasing the detection sensitivity of electrochemical biosensors [23, 24].

13.2.1 Nucleic Acids

With the merits of facile preparation, easy modification, high temperature, pH
stability, and excellent stability, electrochemical biosensors based on nucleic acids
probes are reported with lower detection limits and could be large-scale fabricated
at a lower price [25, 26]. The 3D folded structure through the systematic screening
process could recognize various cells and cell exosomes [27]. For the capture of
targets, Dong et al. detected tumor exosomes of LNCaP cells based on prostate-
specific membrane antigen (PSMA) aptamer instead of capturing targets directly
on the surface of the electrode to enhance the response [28]. The messenger DNAs
(mDNAs) contain two complementary sequences for the linking of PSMA aptamer
and P1 at the same time. In the experiment, PSMA aptamers hybridized by three
mDNAs could capture one tumor exosome. Then the mDNAs were released in the
supernatant. The number of target exosomes is proportional to the number of released
mDNAs. Moreover, the released mDNAs could reduce an obvious electrochemical
signal based on cyclic enzymatic amplification. The limit of detection (LOD) is low
to 70 particles/iL for detecting exosomes. The biosensor also shows high sensitivity
which has a much lower response to HeLa cell-derived exosomes and MCF cell-
derived exosomes. Therefore, this biosensor shows high performance in complex
biosamples and potential application in clinical samples. As shown in Fig. 13.1, Guo
et al. designed dual-recognition proximity probes with an on—off-on strategy based
on the binding-induced DNA walker [29]. First, two probes, one probe contains a
DNAzyme tail sequence which is Pb?*-dependent (cholesterol probe), and another
probe contains identifying units, both were integrated onto the surface of the exosome
(aptamer probe). Then, the conformational change of hairpin DNA (H) was observed
by the binding of dual recognition proximity. This binding process could result in the
“off” and “on” states and allow for the detection of exosomes. This dual-recognition
strategy demonstrates accurate identification and satisfactory reproducibility, the
linear range is from 5.0 x 10* to 1.0 x 108 particles/mL, and the LOD is 1.6 x
10* particles/mL. Hallaj et al. utilized RNA-cleavage DNAzymes to detect breast
cancer cells [30]. The RNA-cleavage DNAzymes contain a substrate strand and
enzyme strand which were linked by the thionine-modified gold nanoparticles and
magnetic nanoparticles, respectively. The thionine caused the electrochemical signal
and magnetic nanoparticles induced the movement of DNAzyme to the electrode’s
surface. The transfer of electrons between the electrode and solution before and
after adding with target protein was evaluated by the differential pulse response. The
protein of breast cancer cells reacted with the enzyme sequence and induced the
cleavage of gold nanoparticle-thionine labels to release into the solution, decreasing
the current. After optimization, the linear detection was in the range of 1 x 107 to
10 pg/ml, and the LOD was low to 1 x 10~ pg/ml. This DNAzyme-based biosensor
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Fig. 13.1 The working principle of detecting exosomes based on DNA probes. Cholesterol probes
and CD63 aptamer probes with 5 terminals could bind with the lipid bilayer and CD63 protein
of exosomes surface, respectively. And these two probes had Pb2*-dependent DNA-zyme tail
sequences in 3’ terminals. With the existence of Pb%*, the DNA-zyme would quickly cleave the
track DNA, which could further activate the walking of track DNA. The separation of track DNA
from probes induced a large number of generation of T strands, which could open the stem-loop
structure of hairpin DNA and methylene blue mixtures (H-MB). The opened H-MB could benefit
from the formation of a double-stranded configuration, leading to the separation of MB from the
electrode. This separation could decrease the electron transfer and current response (“off” status).
T strands would degrade from 5’ to 3'when adding of Lambda exonuclease, leading to a shorter
distance between MB and electrodes, exhibiting a higher current response (‘“‘on” status). (Reprinted
with the permission from Ref. [29]. Copyright 2021 Elsevier B.V.)

also shows high selectivity of detecting MDA-MB-231, and is stable for about two
months.

13.2.2 Antibodies

Antibodies could bind with exosomes in a strong affinity and high specificity. Due
to the derivative relationships, the exosomes inherited much structured information
from the original cells [31]. The immobilization of antibody probes is important for
constructing high-performance biosensors. Liu et al. constructed novel electrochem-
ical biosensors for detecting exosomes based on decorating the epidermal growth
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Fig. 13.2 The schematic detection of exosomes based on antibody probes. Firstly, the EGFR anti-
body decorated on the Au NPs surface through the binding interaction of Au-NH;. And the and
unbinding Au sites were blocked by BSA. Captured by EGFR antibody, the exosomes adsorbed
Zr** and connected Cg-Au-Tb composites through “carboxyl-Zr**-phosphate” binding interaction,
which could produce a current signal. (Reprinted with the permission from Ref. [32]. Copyright
2021 Elsevier B.V.)

factor receptor (EGFR) antibody with Au nanoparticles (NPs) substrate with high
specificity, good repeatability, and stability (Fig. 13.2) [32]. The results showed that
the appropriate concentration of EGFR antibody was favorable to the response of
exosomes. The square wave voltammetry (SWV) signal increases as the concen-
tration of exosomes increases. After optimization, the linear range of detecting
exosomes could reach 5 x 10*-5 x 10° exosomes/mL, and the LOD was low to
2.67 x 10* exosomes/mL. The constructed biosensors also showed good selectivity,
reproducibility, and stability, demonstrating potential clinical application.

As shown in Fig. 13.3, Zhou et al. proposed a dual-recognition electrochemical
biosensors for detecting CTCs by decorating anti-EpCAM onto the surface of Ce
organometallic frame with gold nanoparticles (CeMOF-AuNPs). The mesoporous
nanospheres of PAPtCuRu were modified with mucin 1 aptamer [33]. The detection
of A549 cells was realized by catalyzing H,O, with PdPtCuRu MNSs during the
differential pulse voltammetry (DPV) measurement. The biosensors show a LOD
of detecting A549 cells with less than 10 cells mL~!, and excellent specificity in
spiked serum samples. Diaz-Fernandez et al. functionalized CD34 antibodies on
the surface of screen-printed electrodes for specifically detecting CD34 T-cells by
a self-assembled monolayer thin film [34]. The detection of CD34 was achieved by
monitoring the R, change in the electrochemical impedance spectroscopy (EIS),
which shows an increase as the concentration increases. In Faradaic conditions,
the biosensor shows a linear work range in 230-1.4 x 10° cell mL~! cell mL™!
for detecting CD34 T-cells. This linear range could expand to 50-1 x 103 cell
mL~! without Faradaic condition. The non-Faradaic impedance of the biosensor
was continuously measured in a microfluidic system, showing a comparable work
range and LOD (27 cells mL™").
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Fig. 13.3 The schematic detection of A549 cells based on antibody probes. The electrode surface
was decorated by CeMOF-AuNPs. Then anti-EpCAM was immobilized on the surface of CeMOF-
AuNPs through Au-NH; bonds. The anti-EpCAM of biosensors could capture A549 cells after
blocking the inactive sites by BSA. The electrochemical signals were monitored through the catalysis
of NH,-MUCI1 aptamer decorated PdPtCuRu mesoporous nanospheres on H,O;. (Reprinted with
the permission from Ref. [33]. Copyright 2023 Elsevier B.V.)

13.2.3 Peptides

With the merits of easy synthesis and functionalization, simple chemical structure
as well as high specificity and strong binding affinity, peptides-based biosensors
could recognize cell and cell exosomes with high excellent stability and reliability in
biological samples, which have attracted wide attention [35]. As shown in Fig. 13.4,
Wang et al. designed a dual-trapping peptide to recognize aggressive BC cells by
detecting HER-2 and MMP-2, and combined with AuNPs @ HRP @ZIF-8 composites
to enhance the performance [36]. One end of peptides is immobilized on the active
sites of AuNPs@HRP@ZIF-8, and the other end is linked on the ITO electrode. The
HER-2 protein could bind with the recognition sequence of peptides, and then be
detected by the DPV. On the other hand, the MMP-2 could cut the sequence site
of peptides and release AuNPs@HRP@ZIF-8, making it possible to detect MMP-2.
The designed electrochemical biosensors could linearly detect HER-2 in the range of
50 fg mL~'-50 ng mL~!, and detect MMP-2 in the range of 10 fg mL~'~10 ng mL~",
respectively.

Liu et al. constructed an electrochemiluminescence biosensor with a specific
binding peptide (FNFRLKAGAKIRFGRGC) for highly sensitive detection of
exosomes derived from ovarian tumor cells, allowing for quantitative and accurate
detection in biological samples (Fig. 13.5) [35]. One end of the peptide not only
could be linked on the Au surface, but also could be linked with g-C3N4 nanosheets,
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Fig. 13.4 The schematic detection of BC cells based on peptide probes. The peptide probes with
two sequences could bind with HER-2 of BC by the interaction of Au-S, and bind with MMP-2 of
BC cells by the interaction of Au—N. At the same time, AuNPs @HRP @ZIF-8 composites could bind
with peptides and produce electrochemical responses by HRP-contained ZIF-8. The electrochemical
biosensors could recognize different BC cells by utilizing the outputs of two signals. (Reprinted
with the permission from Ref. [36]. Copyright 2023 The Royal Society of Chemistry)
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Fig. 13.5 The schematic exosomes detection based on electrochemical biosensors with peptide
probes. For the modification of peptide probes on glassy carbon electrode, Au nanoflowers were
decorated. The g-C3Ny4 nanosheets could immobilize exosomes and catalyze H,O; to decompo-
sition. The sandwich electrochemiluminescence biosensor based on peptide probes was designed
for determining exosomes. (Reprinted with the permission from Ref. [35]. Copyright 2020 Elsevier
B.V)

the other end of the peptide could be used for capturing exosomes. The H,O, was
catalyzed by g-C3N4 nanosheets to amplify the electrochemiluminescence signal.
Compared with conventional methods, the biosensors showed 5 order magnitude of
linear range, and the LOD is lower to 39 particles L. ~!. This biosensor based on
peptide recognition for signal amplification shows a great potential application for
detecting exosomes in clinical medicine.
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13.3 Electrode Interface Nanomaterials

The decoration of electrode interface nanomaterials, such as metal nanoparticles,
carbon nanoparticles [37], magnetic nanoparticles, and metal-organic frameworks
[38], have excellent physical and chemical properties, enhancing the performance of
electrochemical biosensors. Generally, these electrode interface nanomaterials could
improve the electron transfer and enhance the electrochemical signal. Moreover, the
large surface area of nanomaterials could improve the sensitivity of biosensors by
immobilizing more probes [39]. Therefore, electrochemical biosensors based on
electrode interface nanomaterials have been widely applied to detect cell and cell
exosomes with lower LOD and wider linear range.

13.3.1 Metal Nanomaterials

As shown in Fig. 13.6, precious metal materials, such as gold nanoparticles, silver
nanoparticles, and platinum nanoparticles, are crucial in electrochemical biosensors
due to their excellent biocompatibility, electrical and electrochemical properties [40,
41]. The decoration of metal nanoparticles could increase the active area for capturing
more targets, improving the sensitivity [42, 43].

Wang et al. decorated gold nanostars on the surface of glassy carbon electrodes
as plasmon to enhance the detection of circulating tumor cells (CTCs) [44]. The
CTCs were selectively captured in samples by immobilizing aptamer probes on the
surface of gold nanostars. The gold nanostars could induce the effect of localized
surface plasmon resonance to increase the electrochemical signal by enhancing the
transport of hot electrons from gold nanostars to circuits. The capture of CTCs
on the surface of gold nanostars decreased the response current which reduced the
transport efficiency of hot electrons while utilizing ascorbic acid as a redox couple.
Furthermore, the biosensor could selectively detect CTCs in the mixture of other
cells in the blood. This plasmon-enhanced method could detect CTCs with a low
LOD (5 cells/mL), and the LOD of detecting MCF-7 cells is low to 10 cells/mL,
providing a promising application in biological samples. Wu et al. deposited nickel
(Ni) micropillars on the surface of indium tin oxide to increase electrical conductivity
and increase the cells’ capture efficiency. The enhanced local topographic interactions
between 3D Ni micropillars and PLGA nanofibers could improve the capture yields of
cells. Then quantum dots decorated anti-EpCAM antibodies were functionalized after
electrospinning nanofibers on the surface of Ni micropillars. The released Cd** from
bioprobes could change the current during the detecting process. The constructed
biosensors demonstrated a wide range of 10'-10° cells mL~! and a low LOD of 8
cells mL~' [45]. Moreover, these biosensors also showed high detection sensitivity
and selectivity of CTC among a series of human plasma samples.
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Fig. 13.6 The schematic cancer cell detection based on AuNPs. AuNPs were decorated on the
surface of electrodes, and then folic acid (FA) antibodies were decorated on the surface of AuNPs
to capture cancer cells by recognizing FA. The glycosyl antibodies were also decorated on the
surface of AuNPs to specifically capture normal cells. (Reprinted with the permission from Ref.
[41]. Copyright 2020 John Wiley & Sons, Inc.)

13.3.2 Carbon Nanomaterials

Carbon-based materials such as fullerenes, carbon nanotubes (CNT), graphene, and
carbon dots could satisfy most demand for biosensors [46, 47]. For example, one-
dimensional (1D) CNT possesses a larger aspect ratio, excellent conductivity, and
chemical stability, and have been widely used as an immobilization layer and redox
facilitator [48].

Liu et al. designed a sandwich-type electrochemical biosensor for quantitatively
detecting CD44-overexpressing HeLa cells based on the modification of multi-walled
carbon nanotubes (MWCNT) on the surface of indium tin oxide electrodes (Fig. 13.7)
[49]. This 1D structure of MWCNT had high chemical reactivities, provided a conju-
gation interface for hyaluronic acid and ethylenediamine, and improved the electronic
electron transfer rate. The DPV and chronocoulometry were used as electrochemical
measurements by oxidation-reduction of [Fe(CN)g ]34~ The fabricated biosensors
demonstrated a high sensitivity of detecting HeLa cells when using fluorescent probes
as tracing labels. The capture of HeLa cells shows a linear decrease of current in the
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Fig. 13.7 The schematic process of detecting HeLa cells based on carbon nanomaterials.
Hyaluronic acid (HA) decorated 3D-MWCNT structure were used for ultrasensitive determina-
tion of CD44 HeLa cells, which were recognized by the fluorescent BIO. The binding of CD44
HeLa cells decreased the chronocoulometric response by decreasing the electron transfer of the
redox probe ([Fe(CN)61>~/[Fe(CN)1*7) (Reprinted with the permission from Ref. [49]. Copyright
2023 Springer Nature Switzerland AG.)

concentration range of 2.1 x 10°-2.1 x 107 HeLa cells-mL~", and the LOD is low to
70 cells-mL~!. This biosensor demonstrates high specificity in detecting HeLa cells
with five times higher chronocoulometric signal from CD44, ROS 1728, BXPC-3,
Chang liver, and MCF-7. Yazdanparast et al. utilized MWCNT nanocomposites on
the surface of electrodes to detect human breast cancer cells [50]. They construct
a sandwich to selectively recognize MCF-7 and amplify the detecting signal based
on the DPV method. The optimized linear range of detecting MCF-7 cells could
reach 1.0 x 102 to 1.0 x 107 cells-mL~!, and the LOD is low to 25 cells mL~!. The
biosensor nearly shows no obvious current change for the control cells including
HeGp2, HEK, SKBR3, and Hela cells. Moreover, the biosensor also has excellent
long-time stability when measured for more than half a month.
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13.3.3 Magnetic Nanoparticles

The size of magnetic nanoparticles (MNPs) ranges from nanoscale to microscale,
matching the requirements of immobilizing biomolecules for biosensors. MNPs
could also provide a modifiable surface for recognizing and capturing different target
molecules [51]. Moreover, MNPs could preconcentrate magnetic target biomolecules
onto the surface of electrodes by the magnetic field. Thus, MNPs have signifi-
cant potential for detecting cells and cell exosomes [52]. Boriachek et al. directly
isolated tumor-derived exosomes by designing nanoporous ferric oxide nanocubes
with gold nanoparticles (AuNPs-Fe,O3NC) which were decorated by anti-CD63 in
the magnetic field [53]. The nanoporous ferric oxide nanocubes with gold nanopar-
ticles and exosomes were transferred onto the electrodes surface with secondary
antibody decoration. The magnetic ferric oxide nanocubes possess catalytic activity
of tetramethylbenzidine (TMB) for electrochemical detection. The electrochemical
detection based on nanoporous ferric oxide nanocubes exhibits a wide linear range
from 103 to 107 exosomes/mL and an LOD of 10* exosomes/mL (Fig. 13.8).
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Fig. 13.8 The schematic process of detecting exosomes based on magnetic nanoparticles. The
AuNPs-Fe,O3NC were decorated by antibody CD63 and captured exosomes in sample fluids.
Then, this AuNPs-Fe,O3NC was transferred to the electrodes surface, which was decorated by the
placenta alkaline phosphatase. The catalytic activity of AuNPs-Fe;O3NC enhanced the naked-eye
detection and quantification of exosomes. (Reprinted with the permission from Ref. [53]. Copyright
2023 American Chemical Society)
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As shown in Fig. 13.9, with the separation of magnetic nanospheres (about 70 nm),
Shen et al. detected CTCs in whole blood. MNs were decorated on the surface of
electrodes and isolate CTCs from the samples with anti-EpCAM antibodies [54]. The
reaction between the phosphate in the DNA backbone and Na,MoO, generates an
electrochemical current. The biosensor could detect MCF-7 in blood samples with
a low LOD when utilizing the rolling circle amplification (RCA) signal amplifica-
tion strategy, indicating potential clinical applications. The biosensor shows a weak
response to 1000 cells mL~!' HeLa cells during the SWV measurement, and the same
response to the MCF-7 sample with different concentrations of HeLa cells.

Current (pA)
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Fig. 13.9 The schematic process of detecting CTCs based on MNs. The MNs could enrich and
isolate MCF-7 cells, and were decorated on the surface of electrodes. The reaction between the
phosphate in the DNA backbone and NayMoOy generates an electrochemical current. RCA was
performed to amplify the detection and enhance the immobilization of DNA molecules on the
surface of the electrode to increase the current intensity. (Reprinted with the permission from Ref.
[54]. Copyright 2019 American Chemical Society)
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13.3.4 Metal-Organic Framework Nanomaterials

Due to its porous structure, metal-organic framework (MOF) possesses large surface
areas and contains a large number of metal clusters and organic linkers, which is
widely applied in biosensors [55, 56]. MOF not only provides excellent decoration
and encapsulated room of aptamers, antibodies, ions, and enzymes because of the
conjugated T-electron interaction, but also modulates the distribution and improves
the stability of modified biomolecules, greatly enhances the performance of biosen-
sors [57, 58]. As shown in Fig. 13.10, Liu et al. [S9] developed an enzyme-free
and label-free POC biosensor for quantitative and high-performance detection of
exosomes based on the recognition system of Zr-MOFs and aptamers, and signal
amplification of hybridization chain reaction (HCR) and DNAzyme-mediated catal-
ysis. Exosomes were adsorbed on the Zr-MOFs surface via the Zr-O-P binding
interaction. The designed hairpin probes (HP) with single-stranded regions could
bind with CD63 in exosomes. Then large numbers of G-quadruplexes were formed,
displaying high catalytic activity of 3, 3',5,5'-TMB. The electrochemical biosensors
constructed on paper have alow LOD (5 x 10? particles/mL), and are easily operated
and affordable for POC diagnosis. Jiang et al. [58] reported electrochemical biosen-
sors with silver nanoparticles (AgNPs) decorated MOFs to detect living cells (U87)
based on the non-enzymatic superoxide anion radical (O,"~). The electrochemical
measurement with [Fe(CN)g]>~"#~ redox couple in KNOj3 solution. The biosensors
demonstrated 8 orders magnitude linear range, and a low LOD of 0.0564 pM due to
the effective release of O,"~ from living cells. Moreover, the biosensor shows high
selectivity even though the concentration of interferent is 20 times higher and high
stability (94.12%) after 50 segments of cyclic voltammetry.
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Fig. 13.10 The schematic process of detecting exosomes based on functionalization of MOF. With
the recognition of DNA aptamer decorated Zr-MOFs, DNAzyme atalysis, and HCR for signal
amplification, a paper-based point-of-care (POC) biosensor was fabricated. (Reprinted with the
permission from Ref. [59]. Copyright 2021 American Chemical Society)
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13.4 Conclusion

In this chapter, the recent progress of electrochemical biosensors to detect cells and
cell exosomes for cancer diagnosis was summarized. The advantages of electro-
chemical biosensors result from the designable bio-recognition probes and electrode
interface nanomaterials for selective recognization of cells and cell exosomes with
wide linear range as well as low LOD. On one side, designing probes for electro-
chemical biosensors based on nucleic acids, antibodies as well as peptides could
expand the range of detecting cells and cell exosomes, and improve the sensitivity
with the promotion of target hybridization and electron transport. On the other side,
modification of nanomaterials on the surface of the electrode interface for electro-
chemical biosensors such as metal nanomaterials, carbon nanomaterials, magnetic
nanoparticles, and metal-organic framework nanomaterials could increase the elec-
trical conductivity and improve the capture efficiency. With the development of
the microelectronic technique, the main challenge is to construct a miniaturized
biosensor device for POC detection of live-state activity of cells and cell exosomes
in real samples. Also, further effort should concentrate on the integration of device
arrays to joint detection of different cells or cell exosomes to improve the detecting
accuracy.
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Chapter 14
Electrochemical Biosensor with Machine Geda
Learning

Yunliang Chen, Xiaohui Huang, Ao Long, and Wei Han

Abstract The advancement of electrochemical biosensors poses new challenges for
researchers to analyze data with interference and overlap. Machine learning shows its
powerful ability in processing tasks such as classification, regression, etc., through
the analysis of electrical signal data generated by electrochemical biosensors in
recent years. The reason is that machine learning methods overcome subjectivity,
which is usually the limitation of traditional methods. This chapter first introduces
the background of electrochemical biosensor data analysis, followed by the detailed
basics of machine learning techniques. Finally, it summarizes partial representative
works on coupling machine learning techniques with electrochemical biosensor data
analysis.

Keywords Biosensors * Electrochemical biosensor * Data analysis + Machine
learning - Supervised learning - Unsupervised learning * Reinforcement learning -
Active learning

14.1 Introduction

An electrochemical biosensor is an integrated device that transforms biological or
chemical reaction signals into a detectable electrical signal in real time [1]. Electro-
chemical biosensors are sensitive, robust, and selective [2]. Therefore, they are now
widely applied in applications such as DNA detection [3], early diagnosis of breast
cancer [4], monitoring of human fitness [5], and foodborne pathogens detection [6].
Figure 14.1 depicts the schematic diagram of an electrochemical biosensor composed
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Fig. 14.1 The schematic diagram of an electrochemical biosensor

of two layers. The biosensing layer monitors the biological or chemical reaction
with diverse biochemical receptors and then directly contacts the electrochemical
transduction layer. The biological or chemical reaction signal is transformed into a
detectable electrical signal, which is then enhanced with a signal amplifier as the
final output.

The remarkable achievements of biosensors make it more convenient to detect or
identify diverse analytes, thus remaining multiple signal data to be analyzed. In recent
years, machine learning has been gradually applied in analyzing electrochemical
biosensor data for its ability to learn from data automatically and to discover hidden
relations of a sheer amount of data [7]. Machine learning benefits electrochemical
biosensors because it can solve challenges caused by the interference and overlap
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in electrochemical biosensor data through the analysis of electrical signal data. For
example, Orlandic et al. [1] propose a measure using non-invasive, wearable electro-
chemical biosensors and machine learning to predict an individual’s passage of time
perception. The goal is to provide real-time insights into an individual’s mental state
for continuous mental health monitoring. In this study, a machine learning optimiza-
tion procedure is implemented to select the best machine learning model and hyper-
parameters for predicting POTP from the biomarkers that are derived from wearable
electrochemical biosensors. Experimental results indicate that the model prediction
accuracy is significantly improved by comparing to results without machine learning
methods. Investigating how machine learning becomes an emerging opportunity for
electrochemical biosensor data analysis is vital for researchers in electrochemical
fields. Therefore, this chapter presents the basics of machine learning techniques
and summarizes state-of-the-art works on applying machine learning techniques for
electrochemical biosensors data analysis to convey insights into developing machine
learning-based data analysis for electrochemical biosensors.

14.2 Backgrounds of Basic Machine Learning Techniques

The concept of machine learning is proposed to describe a set of algorithms (models)
that can learn from sufficient datasets automatically to find patterns during the data
analytical process [8]. Once a machine learning algorithm is built from the parts of a
dataset (e.g., the training set), it can be adopted to infer the rest of the dataset (e.g., the
testing set) on specific tasks according to the patterns it has learned from the dataset.
Building a machine learning-based application consists of four steps [9], i.e., data
collection, data preprocessing, model training and validation, and model evaluation,
shown in Fig. 14.2. The data collection step collects historical data from diverse data
sources such as sensors, databases, and logs. In this way, we have a sheer amount
of data at the disposal of researchers. Later, the historical dataset is processed in the
data preprocessing step. This step aims to conduct operations, e.g., data cleaning,
de-duplication, and filling missing values, to solve data’s heterogeneities. Therefore,
data quality and integrity are ensured before feeding into the next step. After that,
preprocessed data is divided into the training data and the testing data in a random
way. The volume of training data usually accounts for a majority of the total prepro-
cessed dataset. Users choose a desired machine learning algorithm to train and tune
with the training data. Once the algorithm is ready, its efficiencies and effective-
ness are validated using the validation data and are evaluated using the testing data.
Lastly, the well-prepared machine learning algorithm is deployed in real applications
to perform tasks such as prediction, classification, etc. Years have witnessed the great
strides of machine learning techniques, which have become an enabling technology
in diverse applications, i.e., natural language processing, traffic prediction, medical
diagnosis, and analysis of biosensor data, through the past years [10, 11].
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Fig. 14.3 The classification of machine learning techniques

In general, machine learning techniques can be categorized into five classes, as
depicted in Fig. 14.3, namely unsupervised learning, semi-supervised learning, super-
vised learning, reinforcement learning, and active learning, respectively [12]. Each
class can be performed on at least one of five major tasks including classification,
clustering, association, regression and control [13]. In the rest of this section, each
class of machine learning techniques is introduced respectively.

14.2.1 Supervised Learning

As a class of widely used machine learning techniques, supervised learning trains
a model with a labeled dataset that is composed of data objects and their labels.
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Supervised learning aims to find a function that maps the input data to the desired
data, i.e., labels. It can be applied to new, unseen input data. Linear regression, support
vector machine, decision tree and random forest, and neural networks are commonly
used supervised learning methods.

14.2.1.1 Linear Regression

Linear regression is a statistical method and is used to establish the relationship
between two continuous variables, where one variable, a.k.a. the dependent variable,
is predicted based on the values of another variable, a.k.a. the independent variable,
[14]. In this way, it can be used to make predictions about the value of one variable
when giving the value of another variable. The basic idea of linear regression is to
fit a straight line through a number of data points, where the line represents the best
approximation of the relationship between the two variables. The line is determined
by finding the values of the slope and intercept that minimize the sum of the squared
differences between the observed data points and the predicted values on the line.
This method is also known as the method of least squares.

The linear regression method is easy to understand and has strong interpretability,
wide applicability, fast calculation speed, etc. Therefore, it is widely used in diverse
fields, e.g., the analysis of proportions in finance with self-selection [15], etc.
However, it is sensitive to outliers. In addition, if independent variables have a strong
correlation, the model’s coefficient could be unstable. Besides, linear regression can
only deal with continuous data, which is unsuitable for classification and nonlinear
problems.

14.2.1.2 Support Vector Machine

Support Vector Machine (SVM) is generally adopted in classification and regression
analysis. The basic idea of SVM is to find a hyperplane that maximizes the margin
between the classes, where the margin is the distance between the hyperplane and
the closest data points of each class. Figure 14.4 depicts the basic idea of SVM in
two-dimensional space. The dataset is divided into two classes, i.e., Class 1 and
Class 2 by the hyperplane represented in the full line. SVM can work with both
linear and non-linear data by using different kernels to transform the data into higher
dimensions.

SVM has the ability to process high-dimensional data. It also has a strong gener-
alization ability and can solve nonlinear problems. However, SVM still suffers from
the huge computation overhead and thus needs a long training time when dealing with
a sheer volume of the dataset. Besides, SVM shows insufficient classification effects
when processing noisy, overlapping, or unbalanced datasets. For multi-class classi-
fication problems, extra techniques such as one-to-many and one-to-one strategies
are generally adopted to ensure the effectiveness of SVM.
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14.2.1.3 Decision Tree and Random Forest

Decision tree is a tree structure-based supervised learning algorithm applied to solve
classification and regression problems. It divides the dataset into many small decision
units, each unit represents an interval of attribute values, and the last decision unit
is a leaf node representing the final classification or regression results [16]. The
generation process of the decision tree is a recursive process. Firstly, an attribute
is selected as the root node, and then other attributes are divided to generate sub-
nodes. The division process is repeated for each sub-node until the leaf node is
generated. The generation of the decision tree needs to select the optimal attribute
as the basis for division. Generally, the optimal attribute is selected using techniques
including information gain, information gain ratio, Gini index, etc. Random forest is
an integrated learning method aiming to build a classifier based on the results of a set
of decision trees. It constructs multiple decision trees by selecting training samples
and feature subsets in a random way and synthesizes the results of multiple decision
trees by voting to carry out the final classification results.

Decision tree is explainable because it can present the decision process in a visual
way. However, it is easy to over-fit. Random forest reduces the over-fitting risk of
a single decision tree and improves the generalization ability of the model through
random sampling, but it becomes difficult to visualize the decision-making process of
the whole model. Moreover, the training process of random forest is time-consuming,
which requires us to build multiple decision trees and select features on each deci-
sion tree. Decision trees and random forests are suitable for classification and regres-
sion tasks. They can handle a large number of features and samples. The differ-
ence between decision trees and random forests is that decision trees are suitable
for scenarios that need to explain the decision-making process of the model, while
random forests are suitable for scenarios that need high precision and generalization
ability.
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14.2.1.4 Neural Networks

Neural networks are a machine learning algorithm inspired by the human brain’s
structure and function [17]. A neural network is a set of connected nodes, namely
neurons, each of which works together with other neurons to solve complex problems.
A neural network typically consists of an input layer, at least one hidden layer, and an
output layer. Figure 14.5 shows an example of a neural network, which is composed
of an input layer, multiple hidden layers, and an output layer. The network takes a
n-dimensional input and outputs a m-dimensional result. Each layer is a collection of
multiple neurons, each of which is connected to neurons in the adjacent layers. The
neurons in each layer process the input data, perform mathematical operations, and
pass the output to the next layer. The connections between the neurons are weighted,
and these weights are adjusted during the training process to improve the accuracy
of the model. The training process involves feeding the network with input data
and comparing the output with the actual output to calculate the error. The weights
are then adjusted to minimize the error, and the process is repeated until the model
achieves a stable and converged loss and accuracy.

As a powerful machine learning method, neural networks have the following
advantages: they can process a large number of complex nonlinear data following
the end-to-end learning pattern. That is to say, neural networks learn features directly
from the original data without manual feature extraction. In addition, they can
perform parallel computation and thus is suitable for analyzing large-scale data sets.
Besides, even if the input data has a certain noise or error, the neural networks
can automatically adjust the parameters to adapt to the data as much as possible,
which means they are fault-tolerant. Therefore, neural networks are widely applied in
various applications such as natural language processing [18], and image processing
[19].
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However, the neural network also still suffers from the following limitations:
firstly, training a neural network is time-consuming and requires a lot of computing
resources to carry out the back-propagation algorithm, aiming to calculate the
gradient and update the weights. Secondly, sometimes the trained neural network
may be over-fitting. That is to say, the model performs well in training data but not
well in testing data. Thirdly, neural networks become “black boxes” that are difficult
for us to understand when the number of hidden layers is increased.

14.2.2 Unsupervised Learning

Unsupervised learning finds patterns from unlabeled data, which is different from
supervised learning. It has the ability to process unlabeled data, aiming to discover
hidden patterns and relationships. Unsupervised learning methods, including clus-
tering, dimensionality reduction, and association rule learning, focus on finding
patterns or relationships within the dataset that are not explicitly labeled [20].

Clustering [21] is used to divide a group of data samples into several independent
subsets, each of which is called a cluster. The goal of the clustering algorithm is to
make the data samples in the same cluster as similar as possible while the samples
in different clusters are as different as possible. Generally speaking, the input of
the clustering algorithm is a group of unlabeled data, while the output is a group of
labeled clusters. The process of a clustering algorithm usually includes the following
steps:

Step 1: Determining appropriate distance measurement methods, such as Euclidean
distance, and Manhattan distance.

Step 2: Choosing appropriate clustering algorithms, such as k-Means and hierarchical
clustering.

Step 3: Initializing a group of cluster center points according to the selected clustering
algorithm.

Step 4: Allocating data samples to the nearest cluster center point.
Step 5: Updating the center point of each cluster.

Step 6: Repeating Step 4 and Step 5 until the stop condition is met. For e