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Abstract

Polychlorinated biphenyls, PCBs are a type of chemical contaminant known as
persistent organic pollutants (POPs). They consist of biphenyl molecules covalently
bonded with one to ten chlorine atoms. PCBs pose a threat to ecosystems and food
safety due to their high toxicity, long-term stability, poor degradation, and
bioaccumulation. The current methods, although sensitive, have their limitations, for
example, time-consuming, laborious, and costly. Further, the instrumentation cannot
be used for on-site analysis.

The aim of this research is to develop a novel electrochemical method that will be
capable of providing a direct, portable, cost-effective, and easy method for analysing
and monitoring PCBs in the environment. For the first time, a self-assembled
monolayer was used to modify an electrode as a method for fabricating a transducer
for detection of PCBs by using a gold electrode, it was modified with 11-
mercaptoundecanoic acid (11-MUA), and the activation of the carboxylic acid
terminal was performed by cross-linking 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) and N-hyrodsuccinmide (NHS). The electrochemical behaviour of
the electrode was investigated by CV (Cyclic Voltammetry), LSV (Linear Sweep
Voltammetry) and EIS (Electrochemical Impedance Spectroscopy) using a
ferrocyanide/ferricyanide redox pair. It was found that the indirect competitive assay
showed the best performance for Aroclor1254 detection, with a commercial
Polyclonal chicken antibody (IgY) specific to PCB was used as primary antibody. The
limit of detection was found at 0.20 ng/ml using bare gold electrode. However, the
sensitivity of the sensor was increased after the electrode surface modification was
found at 0.09 ng/ml. A novel electrochemical immunosensor method showed a good
performance with a 3-fold decrease in sensitivity achieved after the surface
modification. The electrode coated with coating conjugate was found stable for more
than 25 days at 4 °C.

In conclusion, this Ph.D. thesis demonstrates that the integration of electrochemical
techniques with immunoassay methods can achieve detection limits as low as
required for in-situ and real-time analysis of soil samples. It was found that the
electrochemical immunosensor method showed better results compared to ELISA
and that was verified with GC-MS. The usage of this a novel electrochemical
immunosensor as a complement to the electrochemical studies not only enhanced
the quality of the research but also contributed to the construction and improvement
of immunosensors. As a result, they represent an accurate and a new robust method
that can be applied to microsensors and microfluidic systems for the effective control
and prevention of PCBs in the environment.
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Research Problem

The presence of PCBs is still a significant problem for the environment, since they are
easily detectable at high levels [1]. Consequently, in addition to reducing and/or
removing the number of their toxic discharges into the environment, it is still
necessary to develop techniques and methods for detecting and monitoring these
hazardous pollutants in a cost-effective, sensitive, and selective manner to enable
effective remediation to take place. As a result of their widespread usage in the past,
PCBs have a significant environmental threat and pose a health risk [2,3].
Additionally, Babacar Ngom, emphasized that there is a high demand for rapid,
sensitive, and accurate methods of detection of biological and chemical contaminants
[4] . Traditional methods for detecting biological contaminants are time-consuming
and expensive despite their sensitivity, while methods for detecting chemical
contaminants rely on expensive and complex instrumentation with the same level of
accuracy and specificity, hindering processors from taking immediate corrective

measures when contaminants are detected [5].

As a result, the development of portable, rapid, sensitive, and selective
immunosensor technologies that can overcome the discussed analytical constraints
is of crucial importance [6,7] .They are less expensive and can also be widely available
for screening PCBs and other pollutants of concern. Immunosensor technology is
known for its high performance and high sample throughput, with a significant
reduction in analysis time [8]. Specifically, these techniques are suitable for
continuous, rapid, and in-situ screening of environmental pollutants. Numerous

techniques based on immunochemistry have been created to determine the
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interactions between antibodies and antigens (Ab-Ag) and are currently being studied
by researchers. Among these methods are electrochemical detection techniques,
including amperometry and voltammetry [9] as well as potentiometry [10].
Additionally, other methods such as optical and piezoelectric methodologies, have

been described [11].

Several analytical techniques and methods have been developed to analyze PCBs,
including non-portable laboratory bench-based analysis such as gas chromatography
(GC) with electron capture detector (ECD), mass selective detector (MSD) and mass
spectrometry (MS). Although these methods are accurate, sensitive, and reliable,
they can be tedious, expensive, and require large volumes of toxic solvents, making
them unsuitable for large-scale continuous PCB screening [12,13]. Therefore, it is
important to develop cost-effective, easy-to-use, and equally sensitive, selective, and
accurate detection techniques. This research focuses on the development of a label-
free, reagent-less electrochemical immunosensor based on self-assembled
monolayer-modified electrodes, which enhance the sensor's sensitivity and
selectivity. It is expected that this immunosensor will eliminate the need for labeling
procedures and reduce the experimental timeframes and high level of expertise
required for conventional methods. Considering the analytical constraints, the

following research questions were formulated.
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Key Research Questions

The fabrication of an immunosensor requires the use of a transducer and biological
material which is immobilized on the transducer. The following are the key research
questions from this thesis:
> Can a robust method be developed that can easily be adopted for on-site
analysis?
» Can the limit of detection be improved on of sensitivity for detections of PCBs
in soil?
> Isit possible to develop a portable electrochemical immunosensor for on-site
detection of PCBs in the environment?
The purpose of this study is to determine the optimum conditions for the efficient
use of the developed PCBs method. In addition, the method will be evaluated for
reliability, reproducibility, and validity. With these questions in mind, the following

objectives were set.

Aims and Objectives.

The major objective for this research is to develop a novel device that can be easily
used besides its portability for the determination of polychlorinated biphenyls (PCBs)
in the environment, mainly focusing on soil samples. Voltametric detection with
screen-printed electrode allows simple instrumentation and could be used as a small
portable device for field measurements. In this research, for the first time, we
developed a novel electrochemical immunosensor based on a self-assembled
monolayer-modified electrode that can be used for monitoring and detecting of

Polychlorinated Biphenyl (PCB) in environmental analysis as an alternative method to
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the costly, time-consuming, and high expertise-requiring methods. This can be
achieved through the following objectives:
1. To optimize various conditions and regents that is viable for PCBs
detection and quantification by applying ELISA method. This technique
allows for the screening of multiple samples, and analysis can be

completed reasonably quickly.

2. To develop electrochemical immunosensors by integrating
immunoassay into SPGE, optimizing for rapid and precise detection
through modification of the electrode with self-assembled monolayer,
optimizing conditions for antibody immobilization, and evaluating

antibody compatibility with the transducer.

3. To integrate the label electrochemical immunosensors method to
label free electrochemical immunosensors with the purpose of increasing

the sensitivity and reducing the assay time.

4. To validate the performance of the optimised immunosensors

compared to other alternative detection devices.

Develop an electrochemical immunosensor, using Voltametric detection with the

screen-printed electrode allows simple instrumentation and could be used as a small

portable device for field measurements.
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Thesis Outline

The thesis is divided into six chapters. Following the introduction, the further

chapters in this thesis are divided as follows:

Chapter 1

Provides a general introduction about the analyte of interest, the PCBs, all the
fundamental concepts and principles of immunoassay including formats of ELISA,
method immobilisation and the enzymes substrate reaction. Further discusses the
electrochemistry development including the electrochemical cell, the
electrochemical techniques, and the classification of electrochemical immunosensors
that are used in this research. A review of previously published work on

electrochemical sensors for environmental analysis is summarized.

Chapter 2

In the first paper, an optical immunosensor using a 96-well microtiter plate as a solid
surface has been developed. A polyclonal chicken antibody (IgY) specific to PCB
antibody was obtained, under the optimal combination of coating antigen and
antibody. A sensitive indirect competitive enzyme-linked immunosorbent assay
(icELISA) has been developed to measure Aroclor1254 in environmental samples.
Several experimental parameters have been optimized, including coating conjugates,
the concentration of antibodies, incubation time, types of blocking solution and
different reagents have been optimized. The results obtained based on the ELISA
were used to integrate the immunoassay methods to develop electrochemical

immunosensors in the next chapter.
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The paper that makes up this chapter is titled “The development of optical
immunosensors based on indirect competitive enzyme-linked immunosorbent
assay methods for detection of Aroclor1254 in environmental samples” The paper
is currently being Under review for publication in journal of the Royal Society of

Chemistry.

Chapter 3

In the second paper, the article discusses the development of an electrochemical
immunosensor for detecting Aroclor 1254. The immunosensor was developed by
immobilizing polyclonal primary anti-PCB antibodies onto a gold screen-printed
electrode that was modified with 11-mercaptoundecanoic acid (11-MUA). The
carboxylic acid terminal of the electrode was activated using cross-linking 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS).
Characterization of the self-assembled monolayers (SAM) development on the gold
electrode was carried out using various techniques such as cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS), atomic force microscopy (AFM),
scanning electron microscopy (SEM), and contact angle measurement. Potentially
offer rapid sample screening in a portable, disposable format, which was used for
integrating the novel electrochemical immunosensors and could contribute to the
effective control and prevention of PCBs in the environment. This chapter has been
published in a peer reviewed journal with title paper that makes up this chapter is
titled” Electrochemical Development of an Immunosensor for Detection

Polychlorinated biphenyls (PCBs) for Environmental Analysis.”

Chemosensors 2021, 9(11),307; https://doi.org/10.3390/chemosensors9110307
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Chapter 4

This chapter presents a novel label-free electrochemical immunosensor for the
detection of PCBs. The immunosensor is based on a self-assembled monolayer-
modified electrode and uses a PCB-BSA conjugate to compete with free PCBs for
binding to the anti-PCB polyclonal primary antibody (lgY). A secondary antibody is
then used to enhance the sensor's sensitivity for the detection of PCBs in a sample.
The immunosensor is immobilized on an 11-mercaptoundecanoic acid (11-MUA)-
modified gold electrode via a carbodiimide-coupling reaction using cross-linking 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide
(NHS) on the electrode surface. The developed immunosensor shows good linearity
in ng/mL and limit of detection (LOD) of 0.11 ng/ml for PCBs detection, making it a
cost-effective and sensitive solution for sample screening. This label-free
electrochemical immunosensor has potential for real-time monitoring of PCBs in soil
samples or other samples, as it is portable and disposable. The chapter has been
published in a peer reviewed journal with the title” A Novel Label-Free
Electrochemical Immunosensor Based on a Self-Assembled Monolayer-Modified
Electrode for Polychlorinated Biphenyl (PCB) in Environmental Analysis”.

Electrochem 2022, 3(3), 451-462; https://doi.org/10.3390/electrochem3030031
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Chapter 5

In the fourth paper, The QUEChERS extraction method and gas chromatography with
mass spectrometry were used for the development of an analytical method to detect
polychlorinated biphenyls (PCBs) in soil samples. The study optimized various
parameters such as shaking, centrifuging time, type of solvent, and clean-up
adsorbents. The best results were obtained with acetonitrile/water as the extraction
solvent and diatomaceous earth as the dispersive solid-phase extraction sorbent. The
method was shown to be simple, sensitive, efficient, and environmentally friendly.
The approach based on QUEChERS for the determination of Aroclor 1254 in soil has
not been published before, and it is believed that this approach will eliminate the
significant challenge of sample extraction in GC-MS processing, which was a
procedural challenge in previous analyses. GC-MS results were compared to results
obtained from immunoassays (ELISAs) and electrochemical immunosensors. This
chapter has been published in a peer reviewed journal with title titled” Development
of the QUEChERS Extraction Method for the Determination of Polychlorinated
Biphenyls (Aroclor 1254) in Soil Samples by Using GC-MS”.

Separations 2023, 10(4), 250; https://doi.org/10.3390/separations10040250

Chapter 6

The novel research and development which was detailed in chapters 2 to 5 were
summarised. Suggestions and some ideas were given for better improvement for
future research. Finally, the publications and oral and poster presentation given while

doing the thesis was arranged in the appendix.
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Chapter 1 General Introduction

1. General Introduction
1.1 Motivation

PCBs are persistent organic pollutants manufactured domestically 80 years ago. But, since
1945, they have been used in a wide range of industries and commerce, including electrical,
heat transfer, hydraulic, and plasticizers in paint, plastics, and rubber. PCBs exposure was
associated with increased blood PCB concentrations in individuals working in PCB-
contaminated workplaces due to repetitive risks and significant correlations with PCB
exposure. Though banned since the 1970’s in many countries, they can still be found in the
workplace and the environment. One of the main characteristics attributed to the usefulness
of PCBs and their harmfulness is their high thermal and chemical resistance. Their stability
makes them able to stay in the environment for a long time after they are emitted, which
makes them easily bio accumulable. This is because they do not readily break down when
heated or treated with chemicals. Over the past few decades, PCBs have received increasing
attention and awareness because they can cause skin conditions, liver damage, reproductive
disorders, immune system dysfunction, and cancer. PCBs can be found in soils and water,
which makes it necessary to track their spread as they move. For this reason, we need
developed sensing devices that provide a direct, portable, cost-effective, and easy method

for detecting and monitoring PCBs.
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1.2 Polychlorinated Biphenyls (PCBs)

Polychlorinated biphenyls (PCBs) are a type of organic compounds that consist of
biphenyl with one to ten chlorine atoms attached covalently [14—-17]. The structure
of these compounds includes two aromatic rings with 1 to 10 chlorine atoms, as
shown in Figure 1.1. The Stockholm Convention on Persistent Organic Pollutants has
enlisted numerous POPs, which include chlorinated (and brominated) aromatics like
polychlorinated biphenyls (PCBs) [18—20]. PCBs appear as oily liquids or solids,
ranging from colorless to light yellow, and have no smell or taste. They are one of the
12 categories of persistent organic pollutants (POPs) and comprise 209 PCB congeners
[21-23]. These congeners exhibit significant structural variability, resulting in
differences in their chemical and physical characteristics, including persistence and
bioaccumulation. Based on the number of chlorine atoms, congeners with four or fewer
chlorine substituents are classified as low-chlorine PCBs, while those with more than
four chlorine atoms are classified as high-chlorine PCBs [24,25]. These chemicals have
a harmful impact on the environment and all living organisms, and pose a significant

risk to human health [26,27].

PCBs mostly exist as mixtures of congeners, with the commonest commercial
mixtures being called Aroclors. The number attached after Aroclor compounds is
reflect the percentage of chlorine in the mixture, e.g., Aroclor 1254 is 54 % chlorine
by weight, with more highly chlorinated mixtures typically being more persistent and
toxic [28]. PCB mixtures are resistant to extreme temperatures and pressures, making
them useful in a variety of industrial and commercial applications, including as

dielectric fluids, heat exchange liquids, inks, plasticizers, and transformers [29].
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Despite the ban of PCB manufacture and use in most countries in the late 70's and
early 80’s due to their toxicity and potential harm to human health, they continue to
be slowly and continuously released into the environment from old equipment and
waste dumps. As a result, they can still be found in environmental matrices such as
air, soil, sediment, and wastewater [30,31]. Furthermore, these PCBs are easily
absorption by microplastics, which act as vectors for these organic contaminants,
facilitating their dispersion in a variety of environmental compartments. Due to their
physical and chemical stability, the degradation behavior of PCBs has received
significant attention in recent years [32]. Therefore, it is crucial to develop highly
selective, robust, and reusable assays to detect trace amounts of PCB residues,
particularly the most toxic PCB species in environmental samples with a complex
matrix. On the other hand, the widespread use of PCBs can cause issues in soil,
aquatic environments, air, and even in the human body. The monitoring of PCBs in
environmental samples is therefore essential for the identification and control of

contaminated areas.
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Figure 1.1 Displays the formula and structure of PCBs, with chlorine atoms replacing

hydrogens in various positions on the aromatic rings [33].
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1.2.1 Origin, Occurrence and Exposure of PCBs

Since PCBs are widely present in the environment, it is likely that everyone has been
exposed to them. PCB contamination may pose a higher risk to those who live near
hazardous waste sites. These chemicals can enter the body through contaminated
food, inhalation, or skin contact. The body absorbs PCBs readily, and they tend to
accumulate in fatty tissue. Due to their poor elimination, PCBs can build up in the
body over time [33-37]. Figure 1.2 shows the main routes for PCB release into the

environment and the relative human exposure routes.
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Figure 1.2 Sources and routes of human exposure to PCBs [38].

Over the past few decades, PCBs have been widely used in a variety of industries.
They are released during industrial processes such as smelting and cooking, as well as
during the combustion of coal, wood, crude oil, gasoline, and diesel fuel [39,40]. The
presence of PCBs in the atmosphere has been detected at high levels in industrial

areas, which are primarily produced unintentionally [41].
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Old appliances like refrigerators and toaster ovens over 30 years old may leak PCBs,
which can be inhaled or absorbed through the skin. Exposure can also occur through
contaminated food, hazardous waste sites, workplace accidents, and disposal of PCBs
[42,43]. Contaminated soil and dust can lead to ingestion or inhalation of PCBs, and
tilling dry soil can result in ingestion of small amounts. PCBs stored in a mother's body
can cross the placenta and affect unborn babies, and they are excreted in breast milk,

posing a risk for babies [3,44,45].

PCBs are commonly found in contaminated fish, meat, and dairy products, with
bottom-feeding freshwater fish like catfish, buffalo, and carp having the highest levels.
PCBs are usually not found in high amounts in grazing animals and dairy products as
plants take up only small amounts of PCBs from the soil. Small amounts of PCBs may
also be found on the outer surfaces of fruits and vegetables due to contaminated dust

[46,47].

Since PCBs are not easily dissolved in water, exposure through water is usually not a
concern. Nevertheless, some private wells using old submersible pumps containing
PCB oil may become contaminated if the pump seal fails. People do not come into
contact with PCBs in surface waters unless they come into contact with contaminated

sediments [48,49].

A PCB transformer or ballast may be found in old fluorescent lights in schools, offices,
and homes. It is possible for PCBs to leak from these ballasts and contaminate
exposed surfaces and the air if they fail. PCB levels can be measured in the air after

light ballast failure [50,51].
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PCBs can also be a potential source of exposure in the workplace, with industrial
accidents being the primary cause of PCB poisoning in humans. Occupations such as
firefighting and hazardous waste cleanup in response to electrical system fires and

accidents are vulnerable to PCB exposure [3,52].

Therefore , it is important to create sample preparation techniques that are simple
and effective for selectively enriching ultra-trace levels of PCBs prior to accurate

detection [53].

1.2.1.1 Environment Pollution of (PCBs)

Due to point source releases, PCBs do not occur naturally in the environment, they
are man-made chemicals which they are produced through a chemical synthesis
process in which chlorine atoms are substituted for some of the hydrogen atoms on
biphenyl molecules. The release of PCBs into the environment is caused by spills, leaks
from electrical and other equipment, as well as improper disposal and storage of
PCBs. More than half of the PCBs produced have been released into the environment
[54-58]. PCBs can be transported long distances and bind strongly to soil and
sediment, so they tend to remain in the environment for a prolonged period and for
most of its congeners, the half-life ranges from months to years [14]. A significant
amount of PCBs leach from soil slowly, particularly the more highly chlorinated
congeners, and translocate to plants via soil in an insignificant amount. The presence
of these agents has been detected in the air, water, soil, and sediments all over the

world [59].
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There are different levels of PCBs acceptable in soil, depending on the country and
the intended use. As part of the EU's Waste Framework Directive (2008/98/EC) and
the Persistent Organic Pollutants Regulation (Regulation (EC) No 850/2004),
maximum limits for PCBs in soil are based on the land's intended use. In the EU
maximum limit for PCBs in agricultural or residential soils and industrial soils is 20

mg/kg (milligrams per kilogram) is 50 mg/kg respectively.

PCBs are long-lasting in the environment before breaking down and they may enter
the food chain. It is possible to find low levels of PCBs in fish, shellfish, meat, poultry,
milk, dairy products, and other foods [60]. Because PCBs are widely distributed in the
environment, the public may be exposed to them through soil/dust, air, water, or food

residues.

1.2.1.2 Health Effect of PCBs

PCBs pose serious health risks to humans via three main exposure routes: oral
ingestion, inhalation, and dermal absorption. For adults, dietary consumption is the
primary source of exposure. However, inhalation poses a higher carcinogenic risk,
particularly in children [61]. Furthermore, the persistent nature of PCBs in the
environment can lead to adverse health effects in humans and animals. As a result,
improving PCB detection methods is crucial for the global environment [32,62,63]. As
a result of their oncogenic effects, PCBs were classified by the International Agency
for Research on Cancer in 2015 as a Group 1 carcinogen as a major toxicological
concern worldwide [64,65]. Different types of cancer have been linked to PCB
exposure, including thyroid, testicular, prostate, breast, non-hodgkin's lymphoma,

and colorectal cancer [66,67]. PCB exposure increases the risk of cancer by 20 % in
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men. Women with breast cancer are more likely to develop aggressive cancers and

metastatic disease after exposure to PCBs [68—-71].

The presence of PCBs is associated with both carcinogenic risk and metabolic disease
[72,73]. Exposure to PCBs may lead to insulin resistance, which increases the risk of
metabolic disorders. Studies have shown that plasma PCB levels are related to
cardiovascular disease risk factors such as hypertension, type 2 diabetes, obesity, and
dyslipidemia [74,75]. Furthermore, PCBs are endocrine-disrupting substances,
causing cancer in mammals as well as damage to the reproductive system, immune

system, stomach, skin, liver, and other organs [33].

People who have been exposed to PCBs for an extended period are more likely to
suffer from skin conditions, such as acne and rashes. There has been evidence that
workers exposed to elevated levels of PCB suffer from liver damage. According to
some studies, workers exposed to PCBs may experience nose and lung irritation,
gastrointestinal discomfort, depression, and fatigue. PCBs may cause cancer in
humans, according to the US Environmental Protection Agency and the WHO

International Agency for Research on Cancer [76,77].

The behaviors of children such as crawling on bare dirt surfaces, eating soil, and
frequent hand-to-mouth activities make them particularly susceptible to PCB
exposure. Breast milk can also contain PCBs, which may be passed on to infants.
Several studies have demonstrated that children exposed to PCBs may exhibit
abnormal immune responses as well as problems with motor skills and short-term
memory [15,20,78]. Certain cancers have been observed in groups of workers who

have been exposed to elevated levels of PCBs (as well as other chemicals).
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Figurel.3 An overview of the main targets of PCBs with related disorders in humans [38].

1.2.2 Current Detection Methods for PCBs Determination

There are a number of studies being conducted to develop new techniques and
methods for determination of PCBs in air, water, soil, and sediment. Presently, the
most common techniques used for PCB detection are Chromatography, ELISA and
Biosensors. Each of these techniques has its benefits and drawbacks. In the following

section, we will discuss it in detail.

1.2.2.1 Chromatographic Techniques

In order to determine the presence of PCBs in different matrices such as air, soil,
water, food, and oil, a variety of traditional methods are commonly used. GC is the
oldest complex laboratory-based and widely used instrumentation technique,
coupled with an electron capture detector (ECD), a high-resolution mass

10
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spectrometry system (HRMS), or a low-resolution mass spectrometry system (LRMS).
As well as liquid-liquid extraction (LLE), solid phase extraction (SPEX) and supercritical
fluid extraction (SFE), high performance liquid chromatography (HPLC) can also be
used. In addition, different methods of detection can also be used, such as flame

ionization, ultraviolet (UV) or fluorescence detection [79-81].

There are several advantages to these techniques, including their high sensitivity,
selectivity, and accuracy. The major disadvantage of these chromatographic
techniques is that their development is expensive, especially for large-scale analyses,
and they are also costly to run, difficult to use, time-consuming, and require large
quantities of expensive and toxic solvents [82—84]. In most cases, sample preparation
is required prior to chromatographic separation [85,86]. A further disadvantage of
conventional analysis procedures is that they require instrumentation that is not
suitable for on-site analysis [87]. For the reasons outlined above, immunochemical

methods present as a better method for detection.

1.2.2.2 Immunochemical Methods

Immunoreaction-based methods including enzyme linked immune-sorbent assay
(ELISA) which is the most popular immunoassays, A chemical-colorimetric test kit is
used to determine whether a sample contains 50 ppm or more PCBs. As a result, ELISA
test kits became increasingly popular in the 1970’s and 1980’s [88,89] . These were
based on the concept of using an enzyme as a reporter label. They are generally
performed in microtiter plates, this method, although sensitive, detection of multiple
samples at one time, microtiter plates require time and skilled personnel to operate,

and they are inefficient for: carrying out multiple analyses at once, detecting and

11
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transducing continuously. Moreover, these technique are expensive and a lab-based
application [90]. Regarding this, immunosensors are a promising alternative to optical
immunoassays for monitoring important analytes in the environment due to their
high sensitivity and selectivity [91-93]. Furthermore, they provide real-time

monitoring of immunoreactions at detector surfaces.

As mentioned earlier, traditional methods have some advantages. In order to ensure
reliability, they require multiple external controls for quantitative analysis.
Furthermore, large sample volumes, expensive instruments, and expensive reagents
are usually required. Furthermore, environmental pollutants require more sensitive,
simpler, and real-time monitoring methods.

According to reports, biosensors, especially immunosensors, are highly effective
techniques for rapid, easy, continuous, and on-site analysis of environmental

pollutants. They have the ability to overcome the limitations of traditional methods.

1.2.2.3 Immunoassays and Immunosensors

Immunoassays and immunosensors are analytical techniques that use antibodies or
other immunoreceptors to detect and quantify specific molecules in a sample. There
is a critical difference between immunosensors and immunoassays; an immunoassay
system is based on the interaction between the antibody and the antigen in which
the recognition process of the antigen occurs elsewhere [17,94]. Despite this, in

immunosensors, the immunocomplex formation and diagnosis take place on the
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same platform. Both techniques were used to complete this thesis. In the following

section, we will discuss it in detail.

1.3 Immunoassays (ELISA)

Immunoassays are based on the ability of antibodies to bind specifically to different
substances. Immunoassay uses the principle where the quantification of the assay can
be observed by the development of colour towards the enzyme that attached to the
reactants after the addition of suitable substrate [95,96]. These are frequently utilized
for assessing the levels of different hormones, allergens, viruses, and bacteria.
Perhaps one of the best-known immunoassays for environmental monitoring is
enzyme linked immunosorbent assay (ELISA). ELISA is a technique used in
immunology to detect the presence of antibody or an antigen in the sample .As an
analytical tool immunoassay have been adapted to detect a wide range of analytes,
achieving very low detection limits in most cases [89]. The first immunoassay was
described in 1959 and since then it has developed into a fundamental and well-
established analytical tool in biochemistry. In ELISA, immobilization and incubation
steps are applied to bind the reagents to a solid phase-bound substance [97]. The
common microplate that has been used in this assay is 96 well plate Figure 1.4. The
washing step is introduced to separate the bound and unbound regent. This washing
step is the key element to the success exploitation of ELISA. An enzymatic interaction
with the substrate will quantify the reaction, through the use of an enzyme-labelled
reaction. The signal that occurred as the changes of colour is associated with the
presence of antigens and antibodies. There are a variety of types of immunoassays

and the selection of ELISA format relies on the specific needs of the assay and the

13



Chapter 1 General Introduction

availability of reagents. For instance, when detecting small molecules, the

competitive assay is the most suitable option, and the following section discusses

some of the most common formats used.

Figure 1.4 ELISA 96 well plate is made from clear polystyrene that is suitable for

optical detection.

1.3.1 Immunoassay Format

The two well-known formats in ELISA are direct and indirect assay. The direct ELISA
uses the method of directly labelling the antibody itself, while the indirect ELISA
could be used when no labelled primary antibody is available. The advantage of
indirect ELISA is that the commercial conjugates could be used. However, a variety of
ELISA methods are available depending on the specific requirements of the assay.
These include capture assay, sandwich assay, competitive assay, and displacement

assay.
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1.3.1.1 Capture ELISA

The diagram for antigen capture assay is shown in Figure 1.5. In an ELISA test, the
target antigen is present on a coated plate and labelled antibodies are used to detect
it. The detection can be measured using colorimetric, chemiluminescent, or
fluorescent methods. The indirect ELISA, on the other hand, involves an unlabelled
primary antibody in combination with a labelled secondary antibody, which is
designed to bind to all antibodies of a specific species, making it suitable for use with
a variety of primary antibodies. For example, it can be used with all mouse
monoclonal antibodies by utilizing a labelled secondary antibody directed against
anti-mouse antibodies. Figure 1.6 shows the typical curve for direct capture assay.

The signal observed is proportional towards the biocomponent concentration.

Primary antibody Blocking solution Labelled antibody

YV @

£
\

1
4
Substrate

Figure 1.5 The capture assay the primary antibody is immobilised on a surface, add
blocking buffers, then add the labelled antibody, add the substrate to measure the

absorbance signal.

15



Chapter 1 General Introduction

Signal

n
Lg

Low Biocomponent Concentration High

Figure 1.6 Typical calibration curve of capture assay represents the direct

relationship of the signal and concentration.

1.3.1.2 Sandwich ELISA

The sandwich ELISA is a method that quantifies the amount of antigen between two
layers of antibodies, which includes the capture and detection antibodies. In order
for this method to be effective, the antigen being measured must have a minimum
of two antigenic sites that can bind to antibodies, as two antibodies are required for
the sandwich. As shown in Figure 1.7, the process begins with the coating of the plate
with a capture antibody. A sample containing the target analyte is then added, and
any antigen present binds to the capture antibody. Detecting antibodies are then

added, which bind to the antigen. The secondary antibody is enzyme-labelled and
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binds to the detecting antibody. As a final step, a substrate is added, which is

transformed into a detectable signal by the enzyme.

Labelled

Capture Blocking antibody

antibody solution

Detecting

antigen antibody

pd (e
Yo @ Y A...

Figure 1.7 Sandwich assay, the capture antibody is immobilised on a surface, add
blocking buffers, then add the sample containing the target antigen, add the
detection antibody label conjugate, add the substrate to measure the absorbance

signal.

1.3.1.3 Competitive ELISA

Competitive ELISAs are commonly used when the antigen is small and contains only
one epitope, or antibody binding site. In this method, the purified antigen is labelled
instead of the antibody. The unlabelled antigen from samples competes with the
labelled antigen for binding to the capture antibody. If the antigen is present in the
samples, there will be a decrease in signal from purified antigen compared to assay
wells with labelled antigen alone. Figure 1.8 provides a schematic for the competitive

ELISA method.
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Figure 1.8 Competitive assay, coating conjugate is immobilized on the surface, add
blocking buffers, after addition of both the antigen and the primary antibody adding
the enzyme-conjugated labelled antibody, competition occurs between the two for
binding to the antibody. The addition of the enzyme’s substrate leads to color

development and measure the absorbance signal.

The process of competitive ELISA involves incubating an unlabelled antibody with its
corresponding antigen. The resulting complexes of antibody and antigen are then
introduced to a well coated with the antigen. Any unbound antibody has the potential
to bind to the antigen on the microwell plate. Following this step, the plate is washed
to eliminate any unbound antibody and antigen. A secondary antibody that is specific
to the primary antibody is then added, which is linked to an enzyme. Substrate is
added to produce the detectable signal at higher concentration, the antigen presence
results in less free antibody to bind. Therefore. reverse trend in signal is obtained for
example the high concentrations give the weakest signal and low concentration of

the analyte give the higher signal. Figure 1.9 shows the typical calibration curve for a
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competitive assay. The signal observed is inversely proportional towards the

biocomponent concentration.

Signal

»

Low . ) High
Biocomponent Concentration

Figure 1.9 Typical calibration curve for competitive assay represents the inverse

relationship of the signal and concentration.

1.3.1.4 Displacement ELISA

For displacement ELISA, the protocol used are similar to the competitive assay as
mentioned in Section 1.3.1.3, except for this protocol requires one additional step,
thus requiring 1 hour more incubation time. Figure 1.10 illustrates the steps involved
in competitive assay. Unlike the competitive assay which involves the step of mixing
and immobilizing the primary antibodies with the antigen in one step, a displacement
assay requires different separation steps of primary antibody and antigen. Prior to
the introduction of the antigen, the primary antibody that binds to the coating

conjugate will be replaced with this substance. After the addition of labelled antibody
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and the substrates, the signal was measured where the signal achieved is inversely
proportional to the concentration of the antigen added. The typical calibration curve

for a Displacement assay is similar to those achieved for the competitive assay, refer

to Figurel.9.
. . Labelled
Coating Blocking Primary antigen antibody
conjugate solution antibody

AGS A
' \ 4

Figure 1.10 Displacement assay, coating conjugate is immobilized on the surface, add
blocking buffers, after addition of the antigen next the primary antibody adding the
enzyme-conjugated labelled antibody, competition occurs between the two for
binding to the antibody. The addition of the enzyme’s substrate leads to color

development and measure the absorbance signal.
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1.4 Biosensors

The concept of sensors is well known, since every human is endowed with five
different types of sensors: touch, smell, hearing, sight, and taste. In order to improve
the quality of our lives, scientists have developed instruments that are similar to the
five senses, but with significant improvements in performance. As a result of this
development, thermometers and telescopes have become common tools in everyday
life. There are several types of sensors that can be classified based on their
performance and function, including physical sensors, chemical sensors, and
biosensors [98]. Both indoor and outdoor environments can be measured using
physical sensors. A physical sensor is used to measure various physical characteristics
such as temperature, distance, pressure, mass, and magnetism. In contrast, chemical
sensors are devices that are used to detect chemical reactions. An example of a
chemical sensor is the pH meter, which measures voltage changes caused by changes
in alkalinity, and litmus paper, which measures dye colour changes corresponding to

alkalinity changes.

In 1962, Leland C. Clark developed the first biosensor for the detection of enzymes
[99]. Since then, biosensors have been extensively studied and applied to a variety of
applications, ranging from public health and environmental monitoring to homeland
security and food safety [100-103]. Significant progress has been made in the
development of biosensors over the years. The current generation of biosensors can
detect even the smallest amounts of potentially harmful and deadly biological

pathogens in a fast, efficient, and cost-effective manner. Although some biosensors
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require expensive equipment to operate, others are portable, making them suitable

for use in underdeveloped regions of the world [104].

A biosensor is an analytical device that consists of two main components: a
bioreceptor and a physical transducer. A bioreceptor is a biological component that
determines the target analyte, bioreceptor such as (tissue, microorganisms,
organelles, cell receptors, enzymes, antibodies, nucleic acids, etc) [105]. In close
contact with a physicochemical transducer that converts biological responses into
electrical signals that are then processed in a data processing system. Transducers
may be thermometric, magnetic, electrochemical, piezoelectric, optical, or
micromechanical [106]. Classification of biosensors can be based either on their
method of signal transduction or on their principle of biorecognition. IUPAC's 1999
recommendations define a biosensor as a device with an independently integrated
receptor that is capable of providing selective quantitative or semi-quantitative
analytical information using a biological recognition component [107]. It is possible
to classify biosensors based on the type of biological signalling mechanism utilized or
the type of signal transduction employed [108] . The size and shape of biosensors
vary, and they are able to detect and measure even very low concentrations.
Biosensors typically consist of (a) an analyte, (b) a bioreceptor, (c) a transducer, (d)
electronics, and (e) a display. Figure 1.11. Below depicts the principal parts of a

biosensor.
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Figure 1.11 Schematic of different types of biosensors. The biocomponent is
immobilized on a biocompatible layer, resulting in a change of physical or chemical

properties of the elements that can be detected by a measuring tool.

Biosensor-based techniques have been rapidly developed for environmental
monitoring over the past few decades. Significant advances and improvements for
environment biosensors have been shown in the aspects of sensitivity, selectivity,
and simplicity. Detection of specific compounds, such as organic compounds, toxic
metals, hazardous industrial chemicals, and pathogenic bacteria, requires improved
transducers, enhanced biocomponents, and an integrated approach between the

two entities in order to create functional and robust analytical instruments [109].

Biosensors have been employed in applications ranging from industrial process
control to environmental monitoring. The development of biosensors as diagnostic

tools is ongoing.
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There are several detections from which improvements can be expected over the
next few years, for both the sensing layer and the transducer. Higher selectivity,
improved stability and better sensitivity are perhaps the present requirement for

future development.

The general design of a biosensors in its simplest form can be divided into four key

steps, table below which are fundamental to its function and characterization.

Table 1.1 key steps for biosensor design and operation.

Biocomponents are immobilized on the surface of the transducer.

Analyte introduction and subsequent capture by the biocomponent.

Biocomponents produce responses and is converted into a detectable signal.

This signal is amplified, digitalized, and analysed using some form of processing

device.

Biosensors offer analysis at a reduced cost, they are cheap to produce and if used in
conjunction with other traditional analytical techniques such as GC and HPLC they
can be a valued and important asset, especially in the screening of large quantities of
samples. The continual improvement of the microelectronic industry also has a key
role for biosensor development as detection techniques can now be made into
handheld devices, which when coupled to a biosensor offer the possibility of field

analysis and lab in a brief-case approach.
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1.4.1 Classification of Biosensors

Biosensors consist of two main components: bioreceptors and transducers. A
biosensor can be classified based on its bioreceptor (enzymatic biosensors are the
most common type of biosensor), immunosensors (have high specificity and
sensitivity and are especially useful in diagnosing), aptamers or nucleic acid-based
biosensors (possess high specificity for bacteria and nucleic acids) and whole-cell or
microbial biosensors [110]. The second category of biosensors is based on the
transducer: electrochemical (which can be further divided into potentiometric,
amperometric, impedance, and conductometric), electronic, thermal, optical , and

mass-based or gravimetric [111,112].

1.4.1.1 Based on Bioreceptors

According to the biorecognition principle, biosensors can be classified as catalytic or
affinity sensors [113] . A catalytic biosensor produces a new biochemical product as
a result of the interaction between the analyte and the bioreceptor. This biosensor
can detect enzymes, microorganisms, tissues, and whole cells. When using an affinity
(non-catalytic) biosensor, the analyte is bound irreversibly to the receptor, so that no
new biochemical reactions are produced during the interaction. Detection targets for
this type of sensor include antibodies, cell receptors, and nucleic acids [114]. A
biological recognition system converts information from the biochemical domain,
usually analyte concentration, into a chemical or physical output signal with a defined
sensitivity. The specificity of biosensors depends on the biorecognition elements
used as this molecule recognizes specific target analyte before the signal is converted

by transducers [115]. In general, biological recognition elements are macromolecules
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that catalyze biochemical reactions immobilized on physical transducers. Due to their
high selectivity and ease of use, enzymes are the most commonly used biological

elements in the development of biosensors.

1.4.1.1.1 Enzymes

An enzyme is a protein that catalyses the chemical reaction in living systems. In an
enzymatic reaction, the enzyme converts the substrates into the molecules at
significant rates [116]. The reactions involving enzymes are usually specific because
of their characteristics (i.e. complementary shape, charge and hydrophilicity/
hydrophobicity) which is only reacted to the certain substrates. Enzyme labels have
been widely used in affinity biosensors, particularly in immunosensors. The ideal
enzyme label must have a very high catalytic activity toward a particular substrate.
Different enzymes labels are employed in immunosensors including peroxidase [117].
glucose oxidase [118], catalase an enzyme immunosensor for the electrochemical
determination of the tumour antigen a-fetoprotein [119] and many more. In this
research, alkaline phosphatase was used as a labeled enzyme. Figure 1.12 shows the

molecular model of alkaline phosphatase [120].
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Figure 1.12 Molecular model of alkaline phosphatase [206].

The two most commonly used enzymes in ELISA are alkaline phosphatase and
horseradish peroxidase. AP is dimeric glycoprotein with a molecular weight of ca.
140,000 g mol™* [121]. AP is often used in molecular technologies laboratories and
one of the commonly used is in immunoassay as an enzyme label. The optimal pH for
AP is between the ranges of pH 8 to pH 10, as APs are most effective in an alkaline
environment.

In order to determine the enzyme activities, the ELISA technique can be used. It
depends on how well the enzyme and substrate react to each other, thus it is
important to choose the right substrates for the targeted enzymes. The most used
AP substrate for spectrophotometric detection is p-nitrophenyl phosphate (pNPP)

[122,123].

27



Chapter 1 General Introduction

The buffer used with the substrate PNPP is usually diethanolamine (DEA) in alkaline
condition (i.e. pH 9.5). Figure 1.13 shows the enzymatic conversion of the substrate
caused the colour change that indicates the presence of the enzymes. The
absorbance signal obtained at 405 nm was produced when the p-NPP was converted
to p-nitrophenol (p-NP) and phosphate from the enzymatic reaction, with the yellow
colour was observed after the reaction [124]. The higher intensity of yellow colour
can be seen, the higher the absorbance signal will be observed, and the intensity of

the yellow colour is representative of the concentration of the analyte present.

AP 0 (el
N0, NO,

Alkalne Phosphoatase
H 20 + > + H3P04

0
04, i

Figure 1.13 Interaction of pNPP substrate with alkaline phosphatase resulting in

colour changes that can be measured at 405nm.
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For electrochemical detection, the most used AP substrate is p-aminophenyl
phosphate (pAPP) [125]. AP catalyses the dephosphorylation of pAPP to p-
aminophenol (pAP) and phosphate, followed by the oxidation of pAP to form p-
quinone imine at low potential of + 300 mV vs. Ag/AgCl [126]. Two electrons were
generated in this reaction which occurred at the surface area of the working

electrode. Figure 1.14 shows the enzymatic reaction between the pAPP and alkaline

phosphatase.
pAPP DAP
NH
9 N,
Alkaline Phosphatase
> +  HyPO,
OH

\PO H
ALy,
2e”,2H* oxidation at ~ 300 mV vs

Ag/AgCl reference electrode

Y
NH
Il

Figure 1.14 Interaction of pAPP and alkaline phosphatase was measured by

amperometric detection, which 2 electrons were generated.
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1.4.1.1.2 Antibodies

Since antibodies are affinity biorecognition elements, they have been utilized for over
two decades due to their wide application range and strong antigen-antibody
interactions. The antibody, also known as immunoglobulin (Ig) in a Y-shape, consists
of two heavy and two light polypeptide chains connected by disulfide bonds, is an
immune response to an antigen [127]. Since they can bind to specific targets, they
are widely used in research, diagnosis, and therapy. There are five different types of
antibodies: 1gG, IgA, IgM, IgD and IgE. These types of immunoglobulins differ from
each other in the number and positions of the disulfide bridges [128]. In this research
have been use IgY, is the type of antibody produced in birds and IgY is the avian

counterpart to mammalian IgG.

IgY (immunoglobulin Y) consists of two heavy chains and two light chains linked by
disulfide bonds, similar to other antibodies. In the heavy and light chains, the variable
regions are highly diverse and determine the specificity of the antibody for a

particular antigen.

The structure of IgY is similar to that of IgG, with two heavy chains (H) of
approximately 67 to 70 kDa and two light chains (L) of approximately 25 kDa. Similar
to IgG, the light chains have a constant region (CL) and a variable region (VL). There
is a significant difference between IgY and IgG when it comes to heavy chains. The
heavy chains of IgG have three constant regions (CH1-CH3), while the heavy chains
of IgY have four constant regions (CH1-CH4) (Figure 1.15). IgY has a higher molecular
weight (180 kDa) than IgG (150 kDa) due to a further constant domain and the

corresponding carbohydrate chains [129]. In an antibody, there are two main regions:
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the fragment antigen-binding (Fab) region, which binds to antigens, and the fragment

crystallizing (Fc) region, which interacts with receptors on the surface of cells.

Figure 1.15 A schematic represents a basic structural unit of an IgY, with a single Y

shape [130].

Antibody avidity can be defined as the overall stability of the antibody-antigen
interactions, in the aspects of their affinity, geometric arrangement and valency
between the antibody and antigen. Stronger interactions between antigen and

antibody could be achieved by using higher affinity antibody.

Basically, to achieve optimal interactionist is preferable to entail high affinity and high
avidity of the antigen-antibody binding. For example, to bind the second and the third
antibodies together, they must be forming the same species as the primary

antibodies. Otherwise, the Fc portion of the primary antibody could not be detected
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by them. (Figure 1.16 ) represents antibody -antigen arrangements for high avidity

and low avidity interactions [130].

High Avidity

Low Avidity

Figure 1.16 Examples of antibodies-antigens arrangement for high avidity and low

avidity.

Several aspects such as size, charge, amino acid composition and carbohydrate
content make them different to each other. Cloning of antibodies will produce
monoclonal and polyclonal antibodies. Preparations of antibodies could be either
monoclonal or polyclonal. Monoclonal antibodies are produced by a single clone of
antibody-producing cells [131]. Polyclonal antibodies are produced by the immunized
cells containing many different antibodies against the various mixtures of antigens
injected [132]. Table 1.2 shows the difference between monoclonal antibodies and

polyclonal antibodies.
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Table 1.2 A comparison of monoclonal antibodies and polyclonal antibodies.

Monoclonal antibodies. Polyclonal antibodies.
Preparation is expensive. Preparation costs are lower.
Similar affinities Affinity differences.

Antibody that is monospecific Reproduction was not possible.
Only one epitope can be detected. Multiple epitopes are recognized.

Suitable for binding antigens within a | Commonly used in research assays.

mixture of molecules

1.4.1.2 Based on Transducers

Transducers are perhaps the most important part of the biosensor; it is a device that
transforms biochemical interactions into measurable electronic signals. It can have a
dramatic effect on both the specificity and sensitivity of the system. Thus, it is
important to find the best transducer capable of giving the optimum detection for a
particular system. In biosensors, transducers of different types are used, including
optical, electrochemical, and piezoelectric transducers. In general, electrochemical
biosensors are most commonly employed (approximately 70 %), followed by optical
biosensors (approximately 25 %) due to their ease of operation and rapid response

immunosensors [133].
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1.4.1.2.1 Optical Biosensors

The most common class of biosensors reported is the optical biosensor. It is an
analytical device consisting of an optical transducer and a biorecognition element.
Different biological materials can be used as biorecognition elements, including
enzymes, antibodies, antigens, receptors, nucleic acids, whole cells, and tissues. The
transduction process in optical biosensors results in a change in the absorption,
transmission, reflection, refraction phase, amplitude, frequency, and/or polarization
of light. Biorecognition elements cause physical or chemical changes as a result.
Measurement of absorbance is the simplest method of optical detection in
biosensors, in which changes in analytes concentration are measured as a result of
their adsorption of a certain wavelength of light. In general, optical biosensing can be
divided into two general categories: label-free and label-based. Briefly, label-free
sensing generates a signal directly from the interaction of the analyte with the
transducer. In contrast, in label-based sensing, the optical signal is generated by

calorimetry, fluorescence, or luminescence methods [134,135].

1.4.1.2.2 Electrochemical Biosensors

The electrochemical biosensor is a specialized type of biosensor that detects
biological entities by converting the information into an electrical signal such as
voltage, current, or impedance [99,136]. The various kinds of electrochemical
biosensors are categorized according to the mode of measurements including
amperometric, voltammetric, impedimetric, and potentiometric transducers
[137].The amperometric transducer measures changes in current, the potentiometric

transducer measures changes in potential, the voltammetric transducer measures
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changes in current, and the impedimetric transducer measures variations in the
medium's impedance between electrodes [138,139]. The main advantage of
electrochemical transducers is that they can be miniaturized and made portable,

making them especially useful for in-field, medical, environmental, or food analysis.

1.5 Fundamental Concepts in Electrochemistry

1.5.1 The Electrochemical Cell

Electrochemical detection occurs when a redox reaction takes place. There are two
parts to a redox reaction: oxidation and reduction. In a chemical reaction, oxidation
involves the loss of electrons, whereas reduction involves the addition of electrons.
The reactions of oxidation and reduction occur simultaneously because, when an

electron is lost, it is gained somewhere else - this causes current to be generated.

Electrochemical reactions can occur spontaneously if there is a natural transfer of
electrons in accordance with the standard reduction potential, which is also referred
to as Galvanic. The strength of the electron pulls increases with higher potential
values. Alternatively, the reaction can be electrolytic, in which an electrochemical cell
is used to apply electrical energy, facilitating chemical reactions that would otherwise
not occur. Molecules that lose electrons are called oxidized or reductant, while
molecules that gain electrons are called reduced or oxidant. Electron loss and gain
takes place on surfaces known as electrodes, which are dipped in a solution. An
electrolyte is a solution that is crucial to the flow of ions during oxidation and
reduction processes. On cathodic and anodic electrodes, electrons flow from anode

to cathode during oxidation and reduction reactions.

35



Chapter 1 General Introduction

The flow of electric current in an electrochemical cell can be classified into two types:
Faradaic and non-Faradaic. Faradaic current refers to the current generated by redox
reactions, whereas non-Faradaic current is produced by the electrode double layer.
To minimize non-Faradaic current, increasing the signal to noise ratios can be an

effective approach [140] .

Electrochemical experimentation commonly involves the use of a 3-electrode system
for current measurement. Figure 1.17 displays the components of an electrochemical
setup. The potential is established between the working electrode (WE) and the
reference electrode (RE), while the current flows between the WE and counter
electrode (CE). Voltammetry techniques, such as cyclic voltammetry, linear sweep
voltammetry, and amperometry, can be utilized for the measurement of both

potential and current [141] .

1 @
QD
wel | = CE I

Figure 1.17 This diagram shows the three electrodes of an electrochemical cell linked

to the ampere (A) and volte (V). The working electrode, reference electrode, and

counter electrode are symbolised as WE RE and CE, respectively (142).

36



Chapter 1 General Introduction

The working electrode plays a crucial role in determining the effectiveness of
electrochemical assays, as it facilitates the transfer of electrons to or from the analyte
[142]. To accomplish this, conductive materials such as metals, semiconductors, or
graphite are typically used to construct the working electrode, and the choice of
materials depends on the intended reaction. The reference electrode, such as
Ag/AgCl, is the second main electrode, serving the vital function of maintaining the
potential within the electrochemical cell. Lastly, the counter electrode is also critical,
as its surface area must be significantly larger than that of the working electrode to
prevent kinetic limitations from occurring. Since the reaction takes place in a solution,
the ionic strength of the electrolyte must be maintained to reduce the solution's

resistance.

1.5.2 The Electrode /Solution Interface (Double Layer Model)

An electrical double layer is formed between the electrode and the solution when
potential is applied to the cell. This occurs when the electrode surface becomes
charged, attracting ions dissolved in the solution. As the attracted ions have opposite

charges, they form inner and outer layers, as shown in Figure 1.18.

| '
- )""—% Solvent
"-g “—> > Solvated ions
p=
= <> CDE>
‘ '
~ *1— Partialls
«—>- - adsorbed ions
' :
Inner Outer
Helhnhholt=z Plane Helmholt= Plane

Figure 1.18 The Electrical Double Layer (141).
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The inner layer of the electrical double layer is situated closer to the electrode surface
and is referred to as the inner Helmholtz plane. It is composed of solvent molecules
and ions that are specifically adsorbed. The outer layer, on the other hand, is
positioned a bit further from the surface and is known as the outer Helmholtz plane.

It is made up of ions that are solvated [142].

1.5.3 Mass Transport

Mass transport refers to the rate at which molecules or particles are transported and
can have a significant impact on the overall reaction rate. The Nernst-Planck equation
is a common equation used to measure the rate of one-dimensional mass transport

at a fixed point, as shown in Equation 1.1.

aC(x,t) __zFDC 99 (x,t)

](X, t) =-D ox RT ox

+ C(x,t)V(x,t) (Eq.1.1)

The Nernst-Planck equation (Equation 1.1) describes one-dimensional mass transport
at a fixed point, where J(x,t) is the flux, D is the diffusion coefficient (cm2 s), dC(x,t)/
0x is the concentration gradient (at distance x and time t), d@(x,t)/0x is the potential
gradient, z and C are the charge and concentration of the electroactive species, and
V(x,t) is the hydrodynamic velocity (in the x direction). There are three modes of mass
transport that can influence electrochemical reactions, namely diffusion, migration,

and convection [140].
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1.5.3.1 Diffusion

A diffusion is the spontaneous movement of particles or molecules in response to a
concentration gradient [143]. The phenomenon occurs in all solutions in which there
are uneven concentrations of reagents, typically moving from areas of high
concentration to areas of low concentration [140]. According to Fick's First Law

(Equation 1.2), diffusion rate is directly proportional to concentration gradient.

dC(x,t)
ox

J(x,t) =-D (Eq.1.2)

According to Fick's Second Law in Equation 1.3, there is a proportional relationship
between the current and the concentration gradient of electroactive species,

indicating that the diffusional flux is time dependent.

aC(x,t) _D 92C(x,t)

~ P (Eq.1.3)

As a result of the concentration gradients established between the interfacial region
and the bulk solution, diffusion is a common phenomenon in all voltammetry
experiments. Nevertheless, the current response in diffusion-only experiments is
dependent on the flux at the electrode surface, which depends on the electrode's

size and geometry.
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1.5.3.2 Migration

Migration refers to the movement of charged species in response to the electrical
field, where they are either attracted or repelled from the interface by electrostatic
forces. Migration can be effectively eliminated by adding a fully dissociated

electrolyte, which serves as the ionic charge carrier.

1.5.3.3 Convection

Convection is a molecular motion that occurs due to the presence of force or bulk
motion in the solution [140]. This motion can result from various factors such as
vibrations, stirring or rotation. Natural convection is generated by small thermal or
density differences in the solution, and it functions to mix the solution in a random

and unpredictable manner.

1.5.4 Electrochemical Techniques

In general, electrochemical techniques are employed to obtain information on the
processes or reactions that occur when an electric potential is applied to the study
system. The following sections will outline the electrochemical techniques employed

in this thesis.

1.5.4.1 Voltammetric Transducers

Voltammetric transducers are capable of measuring and recording the current as a
function of the applied potential. Peak currents obtained are directly proportional to
the species concentration and are equivalent to specific chemicals. There are several

advantages of this method, including low noise, higher sensitivity, and the ability to

40



Chapter 1 General Introduction

detect a variety of compounds with different peak potentials at the same time. In
order to obtain information about chemical reactions, the current produced by the

analyte is plotted at the potential applied to the working electrode [144].

1.5.4.1.1 Cyclic Voltammetry

Cyclic voltammetry (CV) is generally utilized to study the electrochemical properties
of solutions containing analytes. This method is well established electrochemical
method to study the surface chemistry on gold surface [145]. The principle of CV is
that the current is related to the reduction of ions and the concentration of the ions
in solution is related to the sweep rate, area and diffusion of molecules in solution.
The potential is applied between the reference electrode and the working electrode,
and the current is measured between the counter electrode and the working

electrode. A basic Shape of the current response for a cyclic voltammetry is illustrated

in Figure 1.19.
current
>
voltage
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a c
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Figurel.19 Basic shape of the current response for a cyclic voltammetry [147].
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For example, the redox reaction of Fe?* is explained as follows. During the scan from
- 0.2 to 0.6 V (starting from point A), the applied potential is sufficiently positive at
0.1V to allow oxidation of Fe?* to occur at the electrode surface. This oxidation is
accompanied by anodic current, which increases rapidly until the surface
concentration of Fe?* approaches zero, as signalled by the peaking of the current at
point B. The current then decays as the solution surrounding the electrode is
depleted of Fe ?* due to its oxidation to Fe3*.After the direction of the potential scan
is switched at 0.6 V (point C) to a negative scan, the oxidation continues until the

applied potential becomes sufficiently negative to cause reduction of Fe3*(point D).

The half reactions of oxidation and reduction of Fe?* are explained in the Equation

1.4 and Equation 1.5

Fe?* oxidation Fe3*+e-  (Eq1.4)
ﬁ
Fed*+e- reduction Fe?* (Eq 1.5)

A cyclic voltammogram may be used to obtain quantitative data regarding

analyte concentration using the Randles Sevcik equation (Equation 1.6).

ip = (2.69 x 10°) n 32AD V?Cv V2 (Eq 1.6)
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Where i, is the peak current of ferricyanide/ferrocyanide, n is the number of
electrons transferred, A is the electrode surface area (cm?), D is the diffusion

coeffision (cm 2s?), Cis the concentration (mol cm3), v is the scan rate (V s).

Half peak-potential (the current is half of the peak current) between oxidation and

reduction peak was calculated according to the Equation 1.7.

E E
El/, = —p“; pe (Eq 1.7)

The point as current is half for the separation of anodic and cathodic peaks is about

59/n mV at 25 °C, where n is the number of electrons involved in the reaction.
1.5.4.1.2 Linear Sweep Voltammetry (LSV)

Linear sweep voltammetry, is a technique used to measure current by applying a
potential that is swept linearly over time [146]. It detects the oxidation or reduction
peak of a species by measuring the current when the species begins to be oxidized or
reduced. The potential is scanned from a lower to an upper limit in LSV, and a typical
LSV curve is shown in Figure 1.20. The scan rate of the voltage can be calculated using

the slope of the curve.
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Figure 1.20 A typical curve of LSV. The slope represents the scan rate of the

experiment (volts per unit time).

1.5.4.1.3 Differential Pulse Voltammetry (DPV)

Pulse voltammetric methods are based on the difference in rate of decay of the
charging current and faradaic currents after when the potential between the WE and
RE as a pulse of increasing amplitude [147]. In DPV the current measured before and
after the application of each pulse, with the difference in current been plotted against
the base potential and been at a maximum around the redox potential of the reacting
species or analyte. DPV is considered to be a highly sensitive method having a high

signal to noise ratio, as shown in Figures 1.21 and 1.22.
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Figure 1.21 DPV waveform, showing; pulse time, tp; waiting time, tw; pulse
amplitude, Ep; base potential, Es and the two points of current measurements, t and
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Figure 1.22 Resulting DPV curve of change in current (i2 - i1, from points tand t
respectively) versus the base potential.
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The current is monitored before and after a pulse of potential is applied. The data
output is obtained as the difference of the currents at the two sampled points. The

area under the curve is proportional to the concentration of the species.

1.5.4.2 Impedimetric Transducers

This type of transducer can detect alterations in impedance produced by the
immobilization of biomaterials onto the electrodes, leading to modifications in
capacitance and electron transfer between them. The use of electrochemical
impedance spectroscopy (EIS) is commonly linked with this type of transducer, and it
is used to evaluate the characteristics and functionality of electrodes that have been

functionalized with biomaterials [148].

1.5.4.2.1 Electrochemical Impedance Spectroscopy (ELS)

EIS is a sensitive technique used for monitoring the electrical response of a system
after periodic small amplitudes of alternate current AC signals are applied. As a result
of the analysis of the system, we are able to obtain information regarding the

interface and the reactions that occur at that interface.

The use of EIS appears to be promising since it provides a sensitive method for
studying electron transfer across thin monolayers [149]. A number of research papers
have been published. This detection method has been widely used for the
investigation of the electrochemical behaviour of self-assembled monolayers using
EIS in the past two decades with modified gold electrodes for the detection of

haemoglobin [150], myoglobin [151], penicillin G in milk [152], and glucose [153].
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EIS data is commonly analysed by fitting it to an equivalent electrical circuit model.
Electrical elements such as resistors, capacitors, and inducers are commonly used in
circuit models. A Randles circuit is an equivalent electrical circuit consisting of an
active electrolyte resistance Rs in series with a double-layer capacitance Cq and a
faradaic impedance. The Randles Model for EIS characterisation on modified gold

electrodes is illustrated in Figure 1.23.

Rs |

Figure 1.23 Impedance circuit (Randles model for SAM characterization of gold

electrode.

An Randles model circuit consists of Rs representing dynamic solution resistance, Cq
representing the double layer capacitance between electrodes and electrolyte
solution, R¢t representing charge transfer resistance in the immobilized recognition
layer, and Zy, representing the Warburg element describing mass transport in relation

to time (frequency).
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A Nyquist plot could also be used to represent the impedance data, as was done in
this thesis, where the imaginary (Z”) and versus real (Z') components of the
impedance are plotted. A Nyquist plot of the Randles impedance is shown in Figure
1.24 with the semi-circle at higher frequencies and the straight line at an angle of 45°

to the real axis at lower frequencies.

Zimag Nyquist Plot

Decreasing @

Zroal

Figure 1.24 Nyquist plot for oxidation/reduction reaction of 5 mM [Fe (CN)6]3/* in 0.1
M KCI (imaginary impedance versus real impedance) frequency measured from 0.1

Hz to 1 MHz, with amplitude of 0.1 V, Potential applied at +0.21V.

In the model circuit shown in Figure 1.23, the Cq value could only be calculated after
frequency information was provided. Equation 1.8 shows the Warburg impedance

calculation.

Wz IMpygy = (Eq 1.8)

CaiRct
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1.5.4.3 Conductometric Transducers

Conductometric transducers work on the principle that a change in the number,
charge, or molarity of ions causes a change in conductivity, which is used to measure
the overall conductance of a sample [154]. lonic species may be consumed or
produced depending on the reaction involved. The method is not very specific, but it
can become selective if an enzyme is introduced to the detector. A conductometric
device has several advantages, including the fact that it does not require a reference
electrode, is inexpensive, is capable of being miniaturized, and provides a direct
electrical response [112]. In contrast to other electrochemical methods, this method

is less sensitive and highly dependent on buffer capacity.

1.5.4.4 Potentiometric Transducers

The potentiometric sensor is designed to measure the potential of an electrode
without any current flowing. The difference in potential between the working and
reference electrodes is measured and used as a signal, with the reference electrode
providing a fixed reference potential. The potentiostat can control the sensor with
minimal interference from IR (ohmic) drop [155] . This sensor has the advantage of
being easy to operate, and by using a field effect transistor (FET), it can be made
smaller and used automatically. However, the technique still lacks specificity, as it can

bind to other ions present in the sample, resulting in non-specific binding [156] .
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1.5.4.5 Amperometric Transducers

Amperometric transducers measure currents resulting from electrochemical
oxidation or reduction of an electroactive species containing a biorecognition
element in the presence of a constant potential (voltage) applied to the working
electrode. The applied potential drives the electron transfer reaction of the
electroactive species, causing it to gain or lose electrons [157]. As a result of this
reaction, the current obtained is a direct measure of the rate of electron transfer,
which is representative of the recognition process, and proportional to the

concentration of the analyte.

1.6 Classification of Electrochemical Immunosensors

Electrochemical immunosensor is a combination of a specific antigen-antibody
interaction with the sensitive bio-electrode detection [158]. When the analyte of
interest binds to the recognition element, it triggers a measurable change in the
electrical properties of the electrode, which is then detected and quantified. In
electrochemical immunosensors, the change of the electrical properties of an
electrode, such as potential, current, conductance or impedance is measured due to

the Ab-Ag interaction that caused by the immunoreactions [159].

This technique introduces a miniaturised device that allows for simple, low-cost
instrumentation, needs only small sample volume, and does not require sample
preparation which is very time consuming [160]. This method can be used to achieve

very low detection limits.
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Electrochemical immunosensors can be classified based on various factors, such as
the type of electrode surface modification, the type of method immobilization and
the type of labelling strategy. Understanding these different classifications is
important in designing and optimizing the performance of electrochemical
immunosensors for various applications in healthcare, food safety and environmental
monitoring. A comparison of the sensitivity and specificity of labelled and label-free

detections has been addressed in this thesis.

1.6.1 Based on the Type of Method Immobilization.

Various techniques can be used to immobilize the biological component onto the
transducer. Among these techniques, physical immobilization (which is reversible)
and chemical immobilization (which is irreversible) are commonly employed. The
appropriate technique to be used depends on several factors, such as the chosen
biorecognition element, the transducer, the physical-chemical environment, and the
characteristics of the analyte [161,162] . The key concept for the manufacture and
development of a biosensor is the immobilisation of the biocomponents in order to

stabilise them so that they can be used repeatedly.
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Table 1.3 Methods of biocomponent immobilisation to solid support or carrier.

Method

Description

Physical (Reversible) Immobilization

\VANVAV

v ‘J Wil MY

(a) physical adsorption

(b) physical entrapment

The method involves affixing enzymes
onto the transducer surface without the
need for chemical bonding. Enzyme
immobilization techniques include (a)
physical adsorption and (b) physical

entrapment.

Chemical (Irreversible) Immobilization

V\A A7 YA\ A7
e/

) : i

(a) direct covalent binding

\\V/ 4

W/ W)
. Wl

4
N Y A,’

,"\ A7/ \Vq /\7

4 \ " 4

(b) covalent cross-linking

This technique involves creating robust

chemical bonds, such as covalent
binding or linking, between functional
groups of biorecognition elements and
the transducer surface. Chemical
immobilization methods are classified
into two categories based on chemical
bonding: (a) direct covalent binding and

(b) covalent cross-linking.
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1.6.1.1 Physical Adsorption

This is one of the most straightforward methods for immobilizing biomolecules onto
a transducer surface. Although the principle is practical, it is primarily used for
immobilizing antibodies or proteins. The process involves exposing the biomolecules
to an activated solid support for a specific duration and under specific conditions,
allowing the biological agents to adsorb onto the carrier's surface. Physisorption of
the biomolecule occurs through electrostatic interaction, hydrogen bonding,

hydrophobic interactions, or a combination of these mechanisms [163].

1.6.1.2 Physical Entrapment

The primary benefit of immobilizing biocomponents through physical entrapment is
that it involves trapping biomolecules within a gel or polymer, allowing them to
remain close enough to the transducer surface for signal detection while preserving
the immobilized species' chemical properties. The technique entails trapping the
biomolecules within a lattice that permits the diffusion of smaller molecules such as
the substrate to interact with them. This method is ideal for larger biomolecules such
as antibodies, providing a greater degree of freedom for electrochemical interaction
between the substrate and label. However, for larger antigens, this immobilization
technique may be less effective as the antigen may encounter difficulty diffusing
through the lattice. One of the oldest biosensor designs involved sandwiching the
biomaterial between two membranes, allowing both antigen and small substrate to
move freely while limiting the biomaterial's mobility. Examples of commonly used

gels or polymers include nylon, starch, and polyacrylamide [164].
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1.6.1.3 Cross Linking

Cross-linking is a well-known method for immobilizing enzymes, and glutaraldehyde
and hexamethylene are common bi-functional agents used for this purpose. The
linker binds to the enzyme's amino groups and the solid support, resulting in a stable
polymer. These bi-functional reagents can link several enzymes together, producing
a thin film on the solid support. One drawback of this method is that enzyme activity
decreases, but the advantage is increased enzyme loading due to the spatial
arrangement of products. Swelling of the bulky layer formed can also be problematic

as large analytes may not diffuse through it [164].

1.6.1.4 Covalent Bonding

This immobilization method involves the direct covalent attachment of the
biocomponent to the transducer's surface. It is similar to the cross-linking method
mentioned earlier, but it creates a monolayer of protein on the surface instead of a
randomly oriented layer. The most commonly used chemical for covalently attaching
antibodies to transducer surfaces is 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC). This method's advantage is that the thin layer formed offers excellent

diffusivity [164,165].

1.6.2 Based on the Type of Electrode Surface Modification.

The surface of electrodes is modified to improve their performance in a variety of
electrochemical applications. Surface properties can be modified in order to enhance
an electrode's sensitivity, selectivity, stability, and durability [166]. As a result,

electrochemical sensing, become more efficient. There are several types of electrode
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surface modifications that are commonly used to enhance the performance and
functionality of electrodes in various electrochemical applications such as chemical
treatments, physical modifications, and deposition of thin films or coatings. In this
thesis we used Self-Assembled Monolayer (SAM) is a type of chemical modification
of an electrode surface. It involves the adsorption of a monolayer of organic
molecules onto the surface of the electrode through a self-assembly process. The
following section provides a detailed description of the modification of the electrode

surface.

1.6.2.1 Self-assembled Monolayers (SAMs)

The important feature in immunoassay is the ability to immobilise the desire protein
on specific targeted area with no non-specific binding. Self-assembled monolayers
(SAMS) are used in order to reduce random orientation of the antibodies binding to
the surface. Tremendous studies on SAM for biomaterial coating or modification are
increased as they offered good properties in terms of cleanliness, uniformity and
stable [167]. Modifications of alkanethiols on gold are the most extensively studied
SAM substrate system, where the thiols react readily with gold surface to create
uniform monolayers [168]. Since gold strongly adsorbed the protein molecules
because of thiol-gold (hydrophobic) interaction, they provide adequate surface for
immobilisation of biomaterials [169]. SAM formed on the adsorption of long chain
alkanethiols on the gold electrode surface could permit control over the properties
of the interface at the molecular scale as they provide well-ordered organic surfaces

[170]. SAM formation is observed to be stable up to several months in air or in contact
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with water or ethanol. They desorb at temperatures greater than 70 °C or when
irradiated with UV light in the presence of oxygen. Figure 1.25 shows the schematic
for SAM modification on gold electrode involving different immobilisation steps of

chemicals, protein, and antigen.
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Figure 1.25 Surface modification involving the immobillsation of SAM solution on a
gold electrode, followed by activation of carbodiimide and succinimide and

incubation of antibodies and antigen.

1.6.3 Based on the Labeling Strategy.

The detection approaches of electrochemical immunosensors can be divided into
label-free assays and labelled assays. In label-free assays, analytes are measured
directly through biochemical reactions on transducers, whereas in labelled assays,
the analyte is sandwiched between a capture agent and a labelled agent with a
special label, such as an enzyme, quantum dot, fluorophore, or radioisotope, in order

to obtain signal.
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label free immunosensors, in other words direct immunosensors, are capable of
detecting the physical or chemical changes arising directly from the immune antigen-
antibody complex formation without needing to label. In this type of immunosensor,
there is no need to use the label and it can be applied for fast, real-time analysis [171—
174].While labelled immunosensors and called indirect immunosensors are based on
the signal generating from one or several labels allowing highly sensitive and versatile
detection. In indirect measurements such as enzymes, e.g., horseradish peroxidase
[175], catalase and glucose oxidase [176] , alkaline phosphatase [177], and
electroactive compounds as a mediator such as ferrocene, Prussian blue is usually
used in the electrochemical immunosensor, especially when antigens and antibodies
are not intrinsically electroactive. Moreover, several nanomaterials such as gold
nanoparticles (Au NPs) or different quantum dots (QDs) can be used to amplify the
signal. Hence, the application of label free immunosensor in environmental
monitoring has become increasingly favoritized in the last decades. However, each
detection approach (label free/label) electrochemical immunosensors have some
advantages and some drawbacks. The advantages of label electrochemical
immunosensors include high sensitivity, specificity, and multiplexing capability.
However, they can be more complex and expensive than label-free immunosensors,
and the labelling step can introduce variability and reduce the stability of the sensor.
In contrast to label, label free immunosensors have some advantages such as do not
require a labelling step, simplicity, lower cost, reduces time, higher stability also can
offer the potential for real-time monitoring of target analytes [172,173,178,179]
However, label-free immunosensors can be more challenging to develop and

optimize than labelled immunosensors, as they rely on the direct detection of the
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antigen-antibody interaction rather than a labelled signal. The future of label-free

electrochemical immunosensors based on SAMs is promising, and further research

could lead to the development of more robust, sensitive, and portable sensors for

various applications, including food safety and environmental monitoring [180-

182].Herein, we report the research progress of electrochemical immunosensors

applied in environmental monitoring that were published in the last years Table 1.4.

Table 1.4 Some selected studies on electrochemical immunosensors in environmental

monitoring. Successfully developed electrochemical immunosensor for various

analytical detections.

Electrochemical

Immunosensor Technique Analyte Matrix Linear Range LOD Reference

Label-free gold electrode + total PCB | insulating 0.01-10 ug/L | 0.001 pg/L [183]

impedimetric SAM (impedimetric oil
immunoassay)

Label-free DZN/thiolated Diazinon plasma of 0.1-1000 nM 0.0169 nM [184]

electrochemical aptamer/Au (DZN) Male
NP/SPGEs wistar rat
CVEIS
Label-free NiHCF NPs/rGO/ PCB 77 water 1-100 ng/L 0.22 ng/L [185]

electrochemical

gold electrode

(DPV) (EIS)

58



https://www.mdpi.com/2079-6374/9/3/86#table_body_display_biosensors-09-00086-t001

Chapter 1

General Introduction

Electrochemical

Immunosensor Technique Analyte Matrix Linear Range LOD Reference

Label-free GCE/MNF/EDC- atrazin water | @ - 0.22x10-21g [186]
electrochemical NHS/Ab/BSA /mL

(EIS)

label free 384 micro well plate 17B-Estradiol water 1-200 pg ml™? 1pgml? [187]
immunosensor EIS (E2)

label-free sulfo-LC-SPDP/ gold Aeromonas seawater 1 CFU mL? 1and 107 CFU [188]
electrochemical surface salmonicida mL™?
immunosensor DPV

acMm
EIS

Label-free N-HRGO/TH modified COVID-19 saliva 0.3 pgmL? 1 pg mL-1-10 [189]
electrochemical GCE ng mL-1,
immunosensor EIS/CV

Labelled- MoS2- PCB77 water 0.3 fg mL-1- 80ag/mL [190]
electrochemical rGO/Thi/AuNP/GCE /soil 0.1 ng mL-1

Labelled- SnS2/B-CD modified Aroclor 1016 | -------- 0.625 to 80 5uM [191]
electrochemical screen-printed UM

electrode.
(DPV) (CV)

Labelled- Ab2-OMCSi-Zn probes procalcitonin serum 0.05 pg/mLto | 0.013 pg/mL [192]
electrochemical (Ab1-CS/GN/GCE) DPV (PCT) 80 ng/mL

Labelled- 11-MUA- benzo[a]pyren water 40-60 mg/L 0.01 mg/L [193]
electrochemical SAM/EDC/NHS/SPGE e (BaP)

Labelled- Carbon-rich monolayer Pyrene Water 1.75-7.00 ppt 1.75 ppt [194]

electrochemical

on ITO EIS
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1.7 Theoretical Consideration of Enzyme Kinetics

In enzyme kinetics, several aspects need to be taken into consideration. These
include the concentration of enzyme, concentration of ligand (substrate,
products, inhibitors, and activators), pH, ionic strength and temperature during
the reaction [195][196] . Enzyme electrodes have been widely used in electro
chemical devices for monitoring a variety of substrates in the environment,
clinical applications, and food samples. It consists of a layer of an enzyme
immobilised on the appropriate electrode [197][198] Equation 1.9 illustrates the
operation of an enzyme electrode, where a reaction is catalysed by immobilising

the enzyme layers on the electrode, generating a detectable species.

S+C Enzyme P+C (Eq. 1.9)
ﬂ

S and C are the substrate and core actant (cofactor) and P and C' are corresponding
products. There are many variables aspects that may vary the response

characteristics of enzymes electrode.

According to Michaelis-Menten mechanism, an enzyme-substrate complex is formed
in the first step and either the substrate is released unchanged or after modification
to form products [199]. Equation 1.10 represents the enzymatic reactions of a single

substrate.

K1 k2
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This reaction involves the combination of a substrate (S) and an enzyme (E) to form
an intermediate complex (ES). This intermediate is subsequently breaks down onto
product (P) and liberates the enzyme [198,200]. The rate v of the enzyme-catalysed
reaction, at a fixed enzyme concentration could be explained by the Michaelis-

Menten equation, as shown in Equation 1.11.

Vin (S)

= o) (Eq.1.11)

Km is the Michaelis-Menten constant and Vi the maximum rate of the reaction.
Figure 1.26 shows the variation of the rate of an enzyme-catalysed reaction with
substrate concentration. Km corresponds to the substrate concentration, in which the
concentration is determined by the half of Vm. It was determined at the half rate of
Vmax, For the development of enzyme electrodes, it is ideal to have the highest Vn,

and the lowest K.

N

RN

..................

o i

Figurel.26 Michaelis-Menten Plot. Kn represents the analytically useful region for

substrate.
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1.8 Screen Printed Electrodes

The electrochemical process relies on solid electrodes made from gold, carbon, and
platinum as inert materials. The electrodes serve as support surfaces for the
immobilization of the recognition element and the transducing device. Most
electrodes are modified in order to increase sensitivity and selectivity to a particular
analyte by immobilizing a selective layer on the transducer surface. These electrodes
have the advantages of being inexpensive, planar, miniature, disposable, and thick
film electrodes. In most cases, these electrodes are pocket-sized and are easy to
monitor on site. The use of screen-printed electrodes in electroanalysis is now
common due to their high conductivity, ease of fabrication, electrochemical activity,
and low cost [201]. Commercially available electrodes made from carbon and
platinum have been successfully used in sensor applications. For the purposes of this
thesis, SPEs refer only to gold-based electrodes. Electrodes of this type have been
used to detect electroactive compounds such as dopamine, detect heavy metals, and

construct biosensors using enzymes and antibodies.

1.9 Statistical Analysis

To create a biosensor system that is efficient and proficient, it is crucial to meet both
static and dynamic requirements. These specifications can be employed to enhance
the effectiveness of biosensors for commercial use. In order to set standards for
statistical analysis, a meticulous validation process is necessary. The main goal of this
validation process is to assess the performance of the analytical technique and to

prove that the analytical system is functioning under a state of statistical control. This
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"state of statistical control” implies that all sources of error have been identified and

characterized statistically, and they remain consistent [202].

1.9.1 Validation

Validation of an analytical method is the process by which it is established, by
laboratory studies, that the performance characteristics of the method meet the
requirements for the intended analytical applications. In this section we provide
validation features which include linear Range, limit of detection, sensitivity,

selectivity, as well as accuracy and precision."

When outlining the results these characteristics should be clearly identified in the
method description so that the suitability of the method for the specific application

can be assessed.

1.9.1.1 Linear Range

The range of calibration for an analytical method refers to the range of
concentrations of analytes in a sample that has been shown to be precise, accurate,
and linear. This range is usually determined through linearity studies and varies

depending on the purpose of the procedure.

1.9.1.2 Limit of Detection

It is the lowest amount of a substance that the sensor signal can distinguish without
a control sample. This characteristic is considered highly valuable when estimated
accurately. The analyst can expect to detect the smallest concentration of analyte
with a certain level of confidence, and the International Union of Pure and Applied

Chemistry (IUPAC) recommends relating the limit of detection to the smallest
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measure of response that can be detected with reasonable certainty in a given
analytical method [203]. According to this definition, the equation 1.12 is used to
determine the detection limit in terms of concentration (CL) or amount (glL) based on

(xL), the smallest detectable measure of response.

CL (or gL) = kse/b

The recommended value for the limit of detection (LOD) can be calculated using
Equation 1.12, which takes into account the standard deviation of the blank (sB) and
the sensitivity of the method (b), expressed as the slope of the calibration curve.
According to IUPAC, a value of k = 3 is recommended for LOD based on the confidence

interval.

1.9.1.3 Selectivity

Selectivity pertains to the degree to which a specific constituent within a substance
can be identified without being impacted by other constituents in the same
substance. A technique that is completely selective for a certain factor is considered
to be precise; however, very few analytical methods are entirely precise for a given
factor, and therefore cross-react with other substances. This is because both the
factor of interest and other substances contribute to the analytical signal and cannot
be distinguished from one another. The impact of this interference on the signal can
be either positive or negative, depending on the type of interaction between the

factor of interest and interfering species.
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1.9.1.3 Sensitivity

The sensitivity of a method is defined as the smallest concentration difference in a
variable that can be detected with a certain level of probability, and it can be
determined by calculating the slope of a calibration curve. To determine the
concentration of an unknown variable, most analytical methods require the
establishment of a calibration curve, which involves plotting the instrumental
response (y) against the variable concentration (x) and using linear regression
analysis to determine the relationship between y and x in the linear range. Equation

1.13 expresses the calibration function.

y=mx+C

Equation 1.13: Equation of a straight line

Assuming that "c" represents the y-intercept and "m" represents the slope, having
more data points to construct the calibration curve will improve the accuracy of the
slope as long as the calibration curve is within the method's linear response range.
It's crucial to ensure that the measurement matrix used to analyse the samples and
establish the calibration curve is physically and chemically identical for both the

samples and standards.
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1.9.1.4 Accuracy and Precision

The concept of "accuracy" refers to the deviation between the real or expected value
and the value that is actually obtained. Typically, accuracy is a combination of
systematic error or bias and random error. Random errors stem from unpredictable
and unregulated changes in the conditions of the analytical system during various
analyses. Examples of sources that can lead to random errors include changes in
instrumental conditions, discrepancies in the physical and chemical properties of
samples or reagents across different occasions, and inconsistencies in reading
results/scales that can be attributed to the analyst. Table 1.5 provides a breakdown

of the sources that give rise to systematic errors or biases.

Table 1.5 Table of validation characteristics.

Sample instabilities between sample collection and analysis

Deficiencies in determining all relevant forms of the variable

Calibration with bias

Incorrect blank estimation

In general, 'precision’ refers to the degree of agreement between repeated analyses.
This degree of agreement can be numerically defined by using the parameter

standard deviation or relative standard deviation.
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1.9.1.5 Repeatability and Reproducibility

A crucial aspect of designing an analytical device is ensuring that it consistently
produces results within an acceptable margin of error across multiple tests.
Repeating experiments multiple times (n > 3) and obtaining the same results
eliminates any uncertainty regarding the accuracy of the obtained results. This is an
indicator of the device's effectiveness, as it allows other operators in different
laboratories to achieve identical results when performing the same tests. This process

also validates the device's performance.

1.9.1.6 Percentage Recovery

The term "percentage recovery" is frequently used in organic and inorganic
chemistry when determining the yield of a reaction or purification process. This
metric is indicative of the quality of the experiment and the accuracy of the
procedures employed. The percentage recovery is typically calculated using equation

1.14.

Amount recovered 100

% Recovery = X
0 y [nitial amount 1

Equation 1.14: % Recovery:
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1.9.1.7 Correlation

The correlation coefficient is a metric used to quantify how well a curve or line fits a
particular plot. The closer the value of the correlation coefficient is to one, the more
precise the fit is considered to be, while the opposite is also true. Typically, the

correlation coefficient is represented by R2.
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3. Electrochemical Development of an Immunosensor for Detection

Polychlorinated biphenyls (PCBs) for Environmental Analysis

Note: This work has been published in the journal of Chemosensors Acta,

2021, 9(11),307

3.1 Abstract

Polychlorinated biphenyls (PCBs) are a highly toxic family of synthetic chemical
compounds. PCBs are widely spread in the environment and their toxicity can cause
serious ailments to living organisms such as cancer; therefore, developing a device for
the detection of PCBs in the environment is significant. In this paper, polyclonal
primary anti-PCB antibodies were immobilized onto a gold screen-printed electrode
with the purpose of creating an electrochemical immunosensor for the detection of
Aroclor 1254. It was modified with 11-mercaptoundecanoic acid (11-MUA), and the
activation of the carboxylic acid terminal was performed by cross-linking 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) and N-hyrodsuccinmide (NHS) on the
electrode surface. Cyclic voltammetry, electrochemical impedance spectroscopy (EIS),
linear sweep voltammetry, atomic force microscopy (AFM), scanning electron
microscopy (SEM), and contact angle measurement were employed to characterize of
self-assembled monolayers (SAM) development on the gold electrode. Using a
competitive assay, a 0.09 ng/ml limit of detection and a linear range of 0.101-220

ng/ml were determined. The self-assembled monolayers (SAM) were successful in
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encapsulating the PCBs on the immunosensor. The electrochemical detection showed
better resolution when compared to traditional methods such as the ELISA optical
technique. The novel electrochemical immunosensor approach that is discussed in this
paper has the potential to offer rapid sample screening in a portable, disposable
format and could contribute to the effective control and prevention of PCBs in the

environment.

Key words: polychlorinated biphenyls; disposable screen-printed gold electrode;
linear sweep voltammetry; immunosensors; immunoassays; self-assembled

monolayers.

3.2 Introduction

Polychlorinated biphenyls (PCBs) are a family of artificial organic compounds with two
to ten chlorine atoms attached to the biphenyl [1,2]. Since 1929, PCBs have been
commercially manufactured under the trade name Aroclor. Aroclor consists of a
combination of chlorinated biphenyls, including over 100 different unique PCBs.
Congeners are defined and numbered according to the total amount of chlorine in the
mixture [3]. Aroclor 1254 (C12HsCls) is one of the commercial products, and it is a
viscous, light-yellow liquid with an average molecular weight of 328, containing
approximately 21 % Ci12HeCla, 48 % C12HsCls, 23 % C12HaCls, and 6 % C12H3Clz with an

average chlorine content of 54 % [4]. Figure 3.1 shows the structure of Arcolor 1254.
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These compounds have been used as plasticizers, surface coatings, inks, additives for
insulating liquids, pesticides, and lubricants [5,6], all of which have contaminated the
environment. Further contamination may result from the disposal of obsolete
electrical equipment containing PCBs, as well as leaks from industrial sites.
Furthermore, PCBs have significant teratogenic, carcinogenic, and mutagenic impacts
on the human body. PCBs are persistent in the environment and until today a large
proportion of PCBs are still present in old transformers and power capacitors, which
have the potential to be released into the environment. PCB congeners also enhance
the degree of structural uniformity and chlorination increases. Lastly, the PCBs high
stability and lipophilicity nature resulted in them being widely distributed in the world
ecosystem. PCBs occur in all environments matrixes and can be found in a variety of
environmental media (water, atmosphere, soil, sediment, and creatures) [7-10]. These
chemicals have become a significant danger to the environment and the health and
safety of humans. All of these facts make the development of an effective and

economical testing method for PCBs very important [11,12].
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Figure 3.1 Structure of Arcolor 1254.

The methods used to determine PCBs so far are: tandem mass spectrometry [13,14],
bioanalytical techniques [15], and spectral analysis [16]. These methods, although
sensitive, are generally time-consuming and expensive and typically require sample
preparation before the chromatographic separation [17,18]. On the other hand,
electrochemical techniques have been utilized in a variety of prospective applications
and environmental research due to their relative advantages, such as low costs, easy

operation, and fast response.

Only a few papers have been published to date that are based on electrochemical
immunosensors for PCBs [19,20]. All of these have used modified materials to enhance
the immobilization of antibodies, such as nanoparticles [19,21-23], self-assembled
monolayers (SAM), including [24,25] cysteamine [26] and 11-mercaptoundecanoic acid
(11-MUA) [24]. SAM is typically formed by activating the carboxylic acid groups with
[1-ethyl-3-(3-dimethylaminopropyl) carbodiimide] (EDC) in conjunction with N-

hydroxy succinimide (NHS) before protein immobilization through the use of an
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alkylthiol reaction [27]. This reaction decreases the random orientation of the
antibodies that bind the surface proteins to the carboxylic acid end-groups enhancing
the immunosensor sensitivity and selectivity [24,28]. Research has shown that SAM
forms better on a gold surface [29—-31] as the gold strongly absorbs the protein
molecules and creates a hydrophobic interaction through the strong S—Au bonds
[32,33]. This facilitates the immobilization of the desired protein on the specific target
area and limits non-specific binding [34]. Electrode surfaces provide no sites for
covalent bonding, making it necessary to coat a thin film of functional groups to
covalently bond with the amino groups of the used antibodies [35]. In this research
paper, the anti-PCB were compounded onto the chip (made of the gold sensor) by
covalent coupling technique and with the aid of [1-ethyl-3-(3-dimethylamino propyl)
carbodiimide] (EDC) in collaboration with N-hydroxy succinimide (NHS) [36,37]. Figure
3.2 illustrates the fabrication of an immunosensor in a gold electrode with 11-MUA
SAM, as well as its activation by EDC/NHS. The desired protein and antigen are then

presented.

The indirect competitive assay using (alkaline phosphate) AP as an enzymatic label was
used. A bovine albumin (BSA) conjugate, BSA-PCB was the basis for the PCB im-
mobilization procedure. After the experiment, the amount of anti-PCB that reacted
with immobilized PCB was determined using a secondary antibody with alkaline
phosphate, labelled p-aminophenyl phosphate (pAPP), which detected the presence of
alkaline phosphate. A Liner sweep volumetry was used as the electrochemical

detection technique. A number of characterization methods were reported including
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contact angle measurement, cyclic voltammetry, impedance measurement, SEM, and

AFM. To the best of our knowledge, this is the first study to investigate the SAM

modified on gold electrodes with PCBs compounds. The measurement of the

electrochemical detection for the biochip was achieved via detection of the quantity

of antibodies that react with the target Aroclor 1254 compound. The assay was then

compared with the traditional optical method (ELISA).
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Figure 3.2 The graphic depicts the synthesis of SAM from 11-MUA on a gold electrode
in combination with antibody immobilization.
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3.3 Materials and Methods

3.3.1 Reagents and Chemicals

Polyclonal chicken antibody (lgY) specific to PCB, alkaline phosphatase (AP) labelled
goat anti-chicken (lgY) antibodies were bought from GmbH (Heidelberg, Germany).
Aroclor 1254 and PCB were bought from (Cole-Parmer Instrument Company Ltd., Eaton
Socon, Saint Neots, UK). A total of 2 mg of PCB-BSA conjugate (Aroclor 1254) was
bought from (BioTeZ Berlin-Buch GmbH (Heidelberg, Germany)). p-nitrophenyl
phosphate (pNPP) substrate, diethanolamine reagent (DEA) phosphate-buffered saline
(PBS), sodium hydrogen carbonate, sodium chloride, Tween-20, tris (hydroxymethyl)
aminomethane, potassium chloride (KCl) and bovine serum albumin (BSA) were
bought from Sigma (Dublin, Ireland). To adjust pH, hydrochloric acid (HCI) 37 %, sodium
hydroxide, ammonium hydroxide solution and sodium cyanoborohydride (NaCNBH4)
were bought from Sigma (Dublin, Ireland). 11-mercaptoundecanoic acid (11-MUA), 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), NHS, potassium ferricyanide
(K3[Fe (CN)e]), potassium ferrocyanide (Ks[Fe (CN)e]), acetone, 1-isopropyl alcohol,
ethanol, and alkaline phosphatase (AP) were also bought from Sigma (Dublin, Ireland).
For the electrochemical tests, the substrate was p-aminophenyl phosphate (pAPP) salt,
which was bought from Sigma (Dublin, Ireland). Disposable electrochemical screen-
printed gold electrodes (AuE), model C220 BT, were purchased from (Drop Sens,
Asturias, Spain). To ensure optimal detection, a standard 96 well ELISA microplate was

bought from Greiner bio-one (Frickenhausen, Germany). All other reagents were
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analytical grade or higher, with daily buffer solutions made using nanopore water (18.2

MQ-cm).

3.3.2 Equipment and Instrumentation

Optical detection was carried out using the EL Read 2000 microplate reader provided
by biochrom.co.UK. Incubation was made possible using a Biometra OV3 Incubator
(Gottingen, Germany), which was set at 37 °C. Cyclic voltammetry was recorded using
a PalmSens handheld potentiostat (Palm Instrument BV Houten, Houten, The Nether-
lands). Impedance measurements were performed in a faraday cage with minimal
noise using a CHI potentiostat 1100/620B (CH Instruments Inc., Austin, TX, USA). The
removal of the surface organic molecules was achieved using a plasma cleaner (Harrick
Plasma Ithaca, New York, NY, USA). A nitrogen spray gun facilitated the drying of SPEs
between measurements using the Contact Angle Instrument (OCA) by Data Physics
Instruments GmbH (Filderstadt, Germany). SEM measurements were carried out on an
FEI Quanta 650 Scanning electron microscope (FEI Company, Hillsboro, OR, USA). AFM
measurements were carried out using “SCANASYST-AIR” by Bruker AFM Probes (Bruker
AFM Probes, Camarillo, CA, USA). Specificity (Cross-Reactivity) obtained using a
PalmSens handheld potentiostat (Palm Instrument BV Houten, Houten, The
Netherlands) and Data obtained from Origin Pro 8.5.1 software. Measurements were
taken at room temperature between -0.2 and 0.6 V in [Fe (CN)s]*74~ and 0.1 M of KCl

solution with a scan rate of 50 mVs™1.
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3.4 Electrochemical Characterization of the Gold Electrode

3.4.1 Studies on Electrode Cleaning Protocol

For electrochemical measurements, it is necessary to ensure that the electrode
surfaces are clean. As a result, showing in Figure 3.4, the optimization of various SPGE
cleaning protocols was carried out. At a scan rate of 50 mV s73, the chips were cycled
in 5 mM [Fe (CN)6] 374" in 0.1 M KCI. The potential was chosen between -0.2 and 0.6
versus Ag/AgCl. The following are the different chip-cleaning protocols: (a) SPGE was
given a plasma cleaner treatment for 20-30 min; (b) SPGE was ultrasonically cleaned
for 5 min in acetone, then for another 5 min in 1-isopropyl alcohol before being rinsed
with deionized water for 5 min; (c) on a hot plate, a 1:1:5 mixture of 29 % ammonia
solution, 30 % H,0», and ultrapure water was heated to 80 °C, and the SPGEs were
immersed in the solution for 5 min; (d) the SPGE was cycled from 0to +1.6 Vin 0.5 M
for 3 scans in 0.5 M sulfuric acid, H2SO4. The SPEs need to be cleaned before use. The
electrodes were cleaned with isopropanol, nano pure water and dried with a nitrogen

gun to remove the photoresist.

3.4.2 Studies on the Influence of Scan Rate

In order to study the influence of the scan rate, the electrode was scanned between
-0.2 and 0.6 Vin 5 mM [Fe (CN)6] 374" in 0.1 M KCl to investigate the effect of the scan

rate. Different scan rates of 5-200 mV s™! versus Ag/AgCl were used in the experiments.
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3.4.3 Stability Study of the Coated Electrodes

A stability study was performed on the coated BSA-Aroclor 1254 coating conjugate on
the gold electrodes by immobilizing the electrodes with a few layers of the assay
components, which is similar to the steps mentioned in Section 3.11. Using an Indirect
competitive Assay, the gold electrode was coated with 5 pg/ml of BSA-Aroclor 1254
coating conjugate overnight and kept at a temperature of 4 °C. The next morning the
electrodes were washed, dried, and placed in a blocking solution (BSA-tris buffer) for
one hour. The electrodes were then rinsed with a washing buffer and nonpure water.
The biochips were stored dry at 4 °C for further use. A complete capture assay test was

performed on three electrodes daily for 10 days using LSV.

3.4.4 Cyclic Voltammetry (CV)

CV was performed in 0.1 M KCI with a 5 mM ferri/ferrocyanide redox pair with an
applied voltage ranging from -0.2to +0.6 V. The scan rate was set at 0.05 V s7%. In this
experiment, screen-printed electrodes (SPEs) were utilized. The gold electrode had a
working area of 4 mm. The Ag/AgCl reference electrode was used to refer to all

potentials reported in this study.
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3.4.5 Impedance Measurement

A frequency response analysis (FRA) was utilized to apply a modest amplitude AC signal
to the biochip for impedance measurements. The impedance behaviour of the
electrode was evaluated by analysing the AC voltage and current response at
frequencies ranging from 0.1 Hz to 1 MHz. The measurements were performed in the
presence of a 5 mM redox probe [Fe (CN)s]*/4~in 0.1 M KCl at an applied potential of

+0.2 V and an amplitude of 0.1 V.

3.4.6 Amperometric Detection

PalmSens (Palm Instrument BV Houten, Houten, The Netherlands). was used to carry
out amperometric detection using a portable potentiostat. Before each measurement,
a coating was applied to the chips with layers of a biocomponent assay, which was
stored in 14,000 pL DEA buffer with pH 9.5 and at a temperature of 4 °C. The aim of
this was to prevent loss of activity of the antibodies. The detection was carried out on
the coated electrode using the AP as the labelled enzyme and the pAPP as the
substrate. The measurement was set to 60 s, and the potential was applied at 450 mV
versus Ag/AgCl. The measurement of the current was taken to acquire stability in the
baseline. At 45 s, 100 uL of pAPP was injected into the working electrode. The final
concentration of the pAPP in the buffer was 5 pg/ml. The increase in the current was
taken as the data signal for evaluation. As pAPP is sensitive to light and moisture, the

solution was made daily.
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3.5 Optimization of Polyclonal Chicken Antibody (IgY) Specific to PCB.

The objective of this assay was to optimise the concentration of PCB primary antibody
on the biochip working electrode using the capture assay for PCB detection. This assay
was carried out by immobilising a BSA- Aroclor 1254 coating conjugate at 5 pg /ml to
completely cover the working electrode and allowed to bind for overnight at 4 °C. Then,
the biochips were washed with washing buffer three times and were dried with
nitrogen.30 pl of blocking solution was pipetted onto the surface, making sure that the
working area was completely covered and were allowed to bind for 30 minutes at 37
°C. Then, the biochips were washed again using washing buffer and were dried with
nitrogen. A serial dilution of Polyclonal chicken antibody (lgY) primary antibody in 12
different concentrations was prepared 10 ul of each concentration was added to the
working area and the biochips were incubated for 1 hour at 37 °C. 10 ul of goat anti-
chicken (IgY) (AP) labeled was added and allowed to bind for another 30 minutes. The
electrodes were washed and dried and ready to be measured using Linear sweep

voltammetry detection.

3.6 Optimization of Secondary Antibody AP Labelled.

Capture assays were performed using a fixed concentration of BSA-Aroclor 1254
coating conjugate at 5 pg /ml to completely cover the working electrode and allowed
to bind for overnight at 4 °C. Then, the biochips were washed with washing buffer three
times and were dried with nitrogen.30 pul of blocking solution was pipetted onto the

surface, making sure that the working area was completely covered and were allowed
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to bind for 30 minutes at 37 °C. Then, the biochips were washed again using a washing
buffer and were dried with nitrogen. 10 ul of 0.123 pg/ml of Polyclonal Chicken
antibody (IgY) specific to PCB was added to the working area and the biochips were
incubated for 1 hour at 37 °C. 10 pl of different concentration of secondary antibody
dilution was added and allowed to bind for another 30 minutes at 37 °C. The electrodes
were washed and dried and ready to be measured using Linear sweep voltammetry

detection.

3.7 Studying the Influence of Blocking.

The importance of the blocking procedure was studied using capture assay. The
biochips were prepared in three sets, with three biochips for each set (n=3). Set A
consisted of a blank, in which the bare electrode was pAPP. For set B, 5 ul of BSA-
Aroclor 1254 coating conjugate (5 pg/ml) was spread to the area of working electrode
and allowed to bind for overnight at 4 °C. Then, the biochips were washed with
washing buffer three times and were dried with nitrogen. The blocking step was
skipped. 10 pl of 0.123 pg/ml of Polyclonal Chicken antibody (IgY) specific to PCB was
added to the working area and the biochips were incubated for 30 minutes at 37 °C.
10 ul of goat anti-chicken (IgY) (AP) labeled was added and allowed to bind for
another 30 minutes at 37°C. The same procedures as mentioned above were applied
to set C, where for blocking step, 30 ul of blocking solution was pipetted onto the

surface, making sure that the working area was completely covered and were allowed
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to bind for 30 minutes at 37 °C. The electrodes were washed and dried and ready to

be measured using Linear sweep voltammetry detection.

3.8 Specificity (Cross-Reactivity)

The specificity was determined by testing the cross-reactivity (CR) of the antibody with
a variety of Aroclors. The reaction was carried out using liner sweep voltammetry (LSV)
by adding these compounds (instead of Aroclor 1254 in the respective assays) at 11
serial dilutions, using the same concentration range (0.01 to 660 ng /ml) that was used
to detect the target (Aroclor 1254). The CR values can be calculated using the following

formula:

tivity (%) = IC50 of Aroclor 1254 % 100
cross — reactivity () = 1ec5 r compounds

3.9 Self-Assembled Monolayers

3.9.1 Modification of Gold SPE with SAM (LSV)

In order to prepare self-assembled monolayers (SAM) on the gold working electrodes,
solutions of 5 mM 11-mercaptoundecanoic acid (11-MUA) were separately prepared
in absolute ethanol (N2 bubbled for 30 min to eliminate the presence of oxygen) [38—
40]. The gold electrodes were immersed in the SAM solution for 20 h at room
temperature. Upon removing the biochips from the solution, the electrodes were
rinsed thoroughly with absolute ethanol to remove any unbound molecules. They were

then dried with N». To activate the carboxylic terminal end after SAM formation, the
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electrodes were immersed in a solution of 50 mM EDC and NHS for 1 h and were rinsed
with deionized water and dried with N,. CVs were carried out in 5 mM [Fe (CN)g]374"
and 0.1 M of KCl solution, and the potential that was applied was in the range ( 0.2 to
0.6 V) [34,35]. The scan rate applied was 50 mV s™2. Figure 3.3 shows the steps involved
in the formation of self-assembled monolayers on the gold electrodes. Immobilization
of protein on the gold surface after the activation of EDC/NHS was performed by

incubating 5 pug/ml of BSA-Aroclor 1254 coating conjugate at 37 °C for 1 h.

Bare SPE 11-MUA-SAM/SPE 11-MUA-SAM/EDC/NHS/SPE
X
v =)
Step 1 Step 2 Step 3
Clean the electrode, Immobilise 11-MUA Add EDC/NIIS solution
condition it and then with the electrode for and modified the
add 11-MUA solution 20 h and conditionit. electrode.

Figure 3.3 The steps involved in the formation of self-assembled monolayers on the

gold electrode.
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3.10 Topography Characterization

3.10.1 Contact Angle Measurement

The sessile drop contact angle method was utilized to evaluate the surface
hydrophobicity of the SAM substrates. A 1 pL drop of deionized water was supplied to
the surface of the gold electrodes at a medium rate of 1 plL per second. Measurements

were repeated on each electrode for three drops.

3.10.2 Scanning Electron Microscopy (SEM)

SEM measurements at the surface of the bare gold electrode were observed using a
FEI Quanta 650 Scanning electron microscope (SEM). The SEM was coated and imaged
at x100 magnifications for clean bare AuE and SAM-modified AuE. These were

observed and compared before and after the modification.

3.10.3 Atomic Force Microscopy (AFM)

The experiments were performed using an atomic force microscope (Bruker AFM
Probes, Camarillo, CA, USA), which used “scanasyst-Air” as its measurement mode. The
force constant of the scanasyst-Air was 2 N/m. The frequency used for the tapping
mode was 95 + 45 kHz with a scan size of 0.5 um. For the purposes of comparison,
three scans were taken per sample. Data acquisition was performed using NanoScope

Analysis 1.9 software.
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3.11 Indirect Competitive Assay

Indirect competitive assay was applied by ELISA or by linear sweep voltammetry.
Immobilization of antibodies was carried out directly on microwell plates or on the
clean electrode surface to enhance the maximum signal. The immobilization of
biocomponents was performed on the working electrode and wells. A total of 100 uL
or 10 pL of the coating antigen BSA-Aroclor1254 (5 pg/ml) (pH 7.4) was added to
microwell plates or electrode surfaces and incubated overnight at 4 °C. The microwell
plates or electrodes surfaces were then washed three times with 0.05 M Tris, pH 7.4
(0.05% Tween 20) and blocked with 1% BSA-Tris Solution (0.05 M Tris-HCI) for 1 h or
30 min at 37 °C. After incubation, the microwell plates or electrode surface was washed
three times to remove any unbound coating conjugate. For the competition step, the
serial dilution of Aroclor 1254 PCB was mixed with polyclonal chicken antibody (IgY)
specific to PCB with concentrations of 0.465 pg/ml or 0.123 pg/ml used for ELISA or
linear sweep voltammetry. The mixture was left to incubate for 15 min. A volume of
100 or 10 pL was introduced to the microwell plates or electrode surface. The
microwell plates and electrode surfaces were allowed to bind for 1 h or 30 min at 37
°C. To standardize the assay, a 1/5000 dilution of commercially available (AP) labeled
goat anti-chicken (lgY) antibodies was prepared, and 100 or 10 pL of the solution was
added to the microwell plates or electrode surfaces and allowed to react for 1 h or 30
min at 37 °C. After washing, 100 or 10 uL of the substrate solution pNPP or pAPP diluted
in DEA buffer (pH 9.5, 1 mg/ ml) was added to surfaces. The electrochemical substrates

were incubated, and measurements were taken using the PalmSens potentiostat.
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3.12 Real Sample

The analysis was carried out in a river water sample were collected from River Lee
(Cork, Ireland) in April 2020, and the tap water was taken from Kane Building
(chemistry department)—UCC (University College Cork). To protect the water samples
from contaminants, glass vessels with Teflon caps were used for storage. Immediately
after collecting the samples, they were diluted with equal amounts of methanol to
prevent losses to the polystyrene tubes or the glass containments. To remove all the
suspended materials in the sample, 0.45 um filter aid materials were used before
testing. The water samples used in this experiment contained 50% methanol. The final
assay result was multiplied by a factor of 2 [41]. For the highly contaminated samples,
those outside the assay’s calibration range were further diluted and analysed. For the
soil sample analysis, ten grams of soil were placed in a glass flask and spiked with a
known amount of Aroclor 1254 before being extracted for recovery studies. A measure
of 5 g of the spiked sample was added to 10 ml of methanol. The flask was sealed,
shaken frequently for 2 min, and then left at room temperature for 30 min. The sample
was centrifuged at 2500 rpm for 10 min. After waiting 5 min for the solid particles to
settle, the soil was filtered through a 0.45 um nitrocellulose filter. The extract was then

evaporated to a volume of 1 ml before processing, as described in Section 3.11.
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3.13 Results and Discussion

3.13.1 Influence of Electrode Cleaning Procedure

Cleaning and substrate preparation are important steps in studying the surface
phenomenon, because they can improve the surface state for better electrochemical
activity to take place. There are different common pre-treatment methods for
producing a clean gold surface, and most are performed just before the modification
of the surface. Different pre-treatment procedures, either individual or combined, are
employed. Common pre-treatment methods include thermal treatment, mechanical
polishing with a slurry of alumina, oxygen plasma cleaning, chemical oxidation with
piranha solution or ethanol, and electrochemical polishing using potential cycling
[42][43]. In this study, we used four different protocols to clean the electrode, as
follows: plasma cleaning, ultrasonicating, NHs + H20,, and H2SOs. Electrode
cleanliness can be measured by examining the potential difference of the peak-to-peak
separation (AEp) of anodic and cathodic peaks. According to Fischer et al., a smaller
AEp indicates a cleaner surface, where any increase in the AEp value indicates that
some sort of contamination has occurred on the electrode surface [44]. Considering
that the theoretical value of AEp is 59 mV for the single-electron transfer of [Fe (CN)6]
3-/4-the closest experimental value of AEp (58 mV) was achieved when the CV was
performed using the plasma-cleaner-treated electrode. Compared with the other
cleaning protocols, the plasma cleaning method shows well-defined peaks (see Figure

3.4). For this reason, we used this method as our cleaning procedure for further
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electrochemical investigations. The data generated from the curves are summarized in

Table 3.1.
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Figure 3.4 Studies on different chip-cleaning procedures. CV was scanned in mM [Fe

(CN)6]37* redox coupled with a 50 mV/s scan rate.
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Table 3.1 The values of peak-to-peak separation using different cleaning protocols.

Cleaning protocols Epa(V) Epc(V) AEpr (MV)
Plasma cleaning 0.226 0.168 58
Ultrasonicating 0.226 0.160 66
NH+3H20 > 0.242 0.172 70
H,SO 4 0.246 0.160 86

*AEPzEPa‘Epc

3.13.2 Influence of Scan Rate

The influence of the scan rates was investigated by performing the CVs over the range
5-200 mV s71. As shown in Figure 3.5, a large peak separation was observed when the
scan rates were increased. The redox couple used was 5 mM ferricyanide/ferrocyanide
in 0.1 MKCL. The peak-to-peak separation achieved for the scan rate of 50 mV s was
64 mV s%, which is a better performance compared to those reported by M. Lu with 75
mV s [45] . A good linear correlation was obtained between the anodic peak height
and the square root of the applied scan rates, as shown in Figure 3.5 The values of the
correlation coefficients (R2) of the anodic peak (0.999) and the cathodic peak (0.998)
confirm that the electrochemical system was under the diffusion control process. Table
3.2 shows the calculated CV data for the oxidation of 5 mM [Fe (CN)6] 34" in 1 M kCL
with different scan rates. The measurements were performed at room temperature,
25 °C. Table 3.2 shows that the data of Ipa increased as the scan rate increased. It also

shows the AEpa for each scan rate within the practical range (7040 mV). In addition,
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the theoretical value of 58 mV was recorded twice at that range, at scan rates of 100
and 200 mV/s. Furthermore, it shows all the redox reactions across the different scan

rates applied at =200 mV.
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Figure 3.5 Influence of the scan rates on the CV signals measured in 5 mM {Fe (CN)6}3"

in 1 M KCI. The potential applied was from - 0.2 to 0.6 V.
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Table 3.2 Influence of the scan rate on the half-peak potential and the peak current for
the oxidation component of the process. The scan rates studied were 5 mv/s, 10 mv/s,

20 mv/s, 50 mv/s, 70 mv/s, 100 mv/s, 150 mv/s, and 200 mv/s.

Scan rate (mV/s) Ipa (HA) AEp (mV) Emid vs. Ag/Ag CL (mv)

200 34.59 58 193
150 30.01 64 194
100 24.80 58 193

70 20.83 62 191

50 17.38 64 192

20 11.18 68 192

10 7.98 68 194

5 5.71 70 198

2 Measured from the value % (Epc +Epa) versus Ag/AgCl reference electrode; ® AEp =

(Epc-Epa); € Ep anodic data as a function of scan rate.

3.13.3 Kinetic Studies of Michaelis-Menten Plot

Capture assay for optimizing electrochemical substrate of pAPP. Kinetic Studies plots
were tested to ascertain the concentration of pAPP substrate that would yield a signal

of 95 % of Imax. Figure 3.6 represents the Michaelis-Menten plot for various
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concentrations of pAPP in reaction with AP labelled. The K for the pAPP substrates
was 0.65mM and the corresponding concentration of substrate at 95 % of Imax Was
96.42 pA. the Figure 3.6 hence indicates Michaelis-Menten plot for different
concentrations of the substrate pAPP. For amperometric measurement, the total
concentration of pAPP substrate prepared in DEA buffer pH 9.5 and in the presence of

0.1 M KCI done as per the 95% of Imax value obtained from Michaelis - Menten plot.
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Figure 3.6 Michaelis-Menten plot for different concentration of the substrate pAPP.
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3.13.4 Electrochemical Characterization

LSV and CV, as shown in Figure 3.7 A,B were utilized to investigate the SAM redox
process in relation to the gold electrode [46,48]; however, their limitations made this
difficult. For example, it was difficult to avoid double layer charging and to measure
current on low overpotential [47,49]. For these reasons, EIS was applied, as shown in
Figure 3.7 C [50]. EIS is a sensitive method for investigating electron transport over a
thin monolayer [48,50]. Amperometry was utilized in the presence of pAP, which is
transformed to p-aminophenol, to prove the enzymatic process before adding the
target analyte (pAP). At +300 mV (vs. Ag/AgCl), detection of pAP was possible.
Electrodes may be amperometrically measured because of the low substrate specificity

of AP (Figure 3.7 D).

3.13.4 .1 Stability Study of the Coated Electrodes

Before the linear sweep voltammetry deduction was used, the electrodes underwent
a complete capture assay. A total of 0.123 pg/ml of the primary antibody was
immobilized on the electrode surface, followed by the addition of the labelled
secondary antibody in 1/5000 dilution. In total, 10 pL of the substrate solution pAPP
was diluted in DEA buffer (pH 9.5, 1 mg /ml) and added to the electrode surfaces. The
electrochemical substrates were incubated, and measurements were taken using the
PalmSens potentiostat. The electrodes were washed and dried before using LSV.

Measurements were performed daily for 10 days using the three electrodes (n = 3).
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Figure 3.7 A shows the 10-day performance of the coated BSA-Aroclor 1254 coating
conjugate on the gold electrode using LSV detection. From the graphs, it was observed
that the coated electrode remained stable for the first 5 days with a decrease in signal

being observed from day 6.

80—-
70—-
60:
50—-

40

Current(uA)

30 —
20

10

Time(days)

Figure 3.7 Electrochemical characterization of modified electrode. (A) A stability study
of the coated BSA-Aroclor 1254 on a gold electrode surface was performed using linear
sweep voltammetry. Prior to the measurements, the coated electrode was stored at 4

°C. Three electrodes were measured every day for 10 days.
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3.13.4.2 Cyclic Voltammetry

To identify the electrochemical properties of the electrode modification, an 11-MUA
self-assembly on the gold electrode CV was used. The peaks of the
ferricyanide/ferrocyanide couple were utilized to investigate the SAM electron-
transfer efficiency on the gold surfaces. It was found that when the SAM molecules
bonded to the gold electrode surface, this gradually inhibited electron transport.
Figure 3.7 B displays the electrode CVs before and after SAM modification with 11-
MUA. Findings indicated a decrease in [Fe (CN)s]37/4" cathodic and anodic peak current
following the gold surface’s immobilization of 11-MUA SAM. This is consistent with the
findings of Lu et al. [51]. Water-soluble NHS and EDC to carboxylic acid immobilization
ended as SAMs increased protein coverage [52]. The coating conjugate and primary

monoclonal antibody were immobilized using the competitive ELISA method.

20 T T T T T
bare gold
11- MUA SAM
——— EDC/NHS
10 { ——ABs immobilisation _
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o

10 4

-0.2 ofo ofz 0.4 0.6
Potential (V vs Ag/AgCl)

Figure 3.7 (B) The voltammogram of CV for the bare gold electrode and the gold
electrode after SAM modification with 11-MUA.
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3.13.4.3 Impedance Measurement

To gather further kinetic data, impedance was next applied in this study over a broader
time constant limit. The impedance measurements applied ranged from 0.1 Hz to 1
MHz. An amplitude of 0.1 V and a potential of 0.21 V were used. It was observed that
at higher frequencies, a semi-circle followed by a straight line appeared at the lower
frequencies for the bare gold electrode, demonstrating the presence of Warburg
resistance, as shown in Figure 3.7 C. The diffusion processes occurred at the surface of
the electrode when it was connected to the equivalent circuit that corresponded to
the charge-transfer resistance (Re) [53]. With regard to the bare gold (Au) electrodes,
there was an increase in impedance value, and the 11-MUA gold electrode was
immobilized for electron transfer [54]. A highly insulated surface on the gold electrode
was formed after SAM formation. Upon the addition of the protein layer (BSA-Aroclor
1254) coating conjugate, the impedance value significantly increased at both high and
low frequencies. This increase relates to the higher molecular weight of protein-BSA
(M = 66.5 kDa), compared to 11-MUA (M = 218.36 g/mol). This result is supported by
the fact that almost all the faradaic current was blocked, which increased the surface
resistance [27]. The Randle’s equivalent shown in Figure 3.7 C depended on mass
transport and is comparable to data obtained for electron transfer in an earlier study
[54]. The parameter assessment for the Randle’s equivalent circuit on the gold
electrode for 11-MUA SAM is shown in Table 3.3. Findings indicated that the value Cq
for the monolayer electrode was lower than the one recorded for the bare gold

electrode (1.18 x 107 F/cm™2). This low Cq value is a sign that the electrodes are coated
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by well-formed SAM of carboxylic-acid-ended long chain thiols [55]. Upon the
activation of EDC/NHS and the addition of the protein layer, the Cq values fell to 8.10
x 1077 and 5.74 x 10”7 F/cm™2, in that order. This was due to the presence of the
immobilized protein (BSA-Aroclor 1254 coating conjugate) on the gold surface, which

resulted in the reduced access of the solution ions to the gold surface.

Table 3.3 Parameter evaluation for the Randle’s model on a gold electrode.

Surface RS (Q) Rct (KQ) cdi (F/cmz) x 10-6
Bare gold 7.52 0.385 8.20
SAM (20 h) 7.79 12.56 1.18
EDC/NHS (1 h) 7.74 27.13 0.81
BSA-Arcoler 1254 7.79 34.92 0.57

Data obtained from CHI 1100/620B software.
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Figure 3.7 (C) Impedance spectra of the bare gold electrode, after 20 h SAM, activation
with EDC/NHS and immobilization with 5 pg/ml BSA-Aroclor 1254. The redox couple
was 5 Mm [Fe (CN)6]34" in 0.1 KCIl. Frequency measured from 0.1 Hz to 1 MHz, with
amplitude of 0.1 V, potential applied at 0.21 V. The inserted circuit is Randle’s
equivalent, where Rs represents the dynamic solution resistance, Rc represents the
charge transfer resistance of the immobilize recognition layer, Cqi indicates the
capacitance measured between the gold electrode and the electrolyte solution on a

double layer basis, and Zw is the Warburg element describing the time frequency.
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3.13.4.4 Amperometric Detection

Amperometry can detect the current flow resulting from the enzymatic redox reaction
in real-time. Before the amperometric measurements were taken, the electrodes were
washed and stored in DEA buffer. pAPP was the substrate that was used for the
amperometric sensor. Figure 3.7 D shows the amperometric response of the
immunoassay system. Findings revealed that when the pAPP was introduced at 50 s,
the amperometric signal increased and reached a steady-state value in less than 80 s.
A steady background amperometric signal was also obtained when there was no
addition of p-aminophenyl phosphate (pAPP), which demonstrated electrode
stabilization. The enzyme that was utilized for electrochemical detection was AP, which
was also used for the ELISA work. Enzyme AP converts pNPP into the molecule p-
nitrophenol, which is spectrophotometrically detectable in conventional ELISAs.
Considerable differences in redox potentials between phosphorylated and free forms
were observed due to a lack of electrode fouling by electro polymerization and a low
redox potential when converted to (pAP) at (+300 mV (vs. Ag/AgCl) pAP is detectable
[46,47]. Measurement of the electrodes both amperometrically and

spectrophotometrically was possible due to the low substrate specificity of AP.
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Figure 3.7 (D) Amperometric detection of a chip modified AP containing bilayer
(competitive assay) was measured in DEA buffer pH 9.5 at potential of 0.45 V vs.

Ag/AgCl. The substrate pAPP was injected at 40 s.
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3.13.5 Specificity (Cross-Reactivity)

The specificity of the assay was evaluated by the CR (cross-reactivity) of the polyclonal
antibody with five different types of compounds of Aroclors such as (Aroclor 1248,
Aroclor 1016, Aroclor 1242, Aroclor 1260, Aroclor 1262). The CR values were calculated
according to the following formula: CR (%) = (IC50 of Aroclor 1254)/ (IC50 of other
compounds) x100. The cross-reactivity of five Aroclors compounds against Aroclor
1254 was measured, and the results are displayed in Table3.4. A low IC50 value was
recorded for Aroclor 1254, which proved the sensitivity of the assay toward the PCBs
detection. Based on the CR values, the assay evidently provided higher responses to
formulations with highly chlorinated biphenyls (Aroclors 1254, 1260, and 1262), which
had a similar structure arrangement to Aroclor 1254. On the other hand, it recorded
the lowest cross-reactivity with a lower chlorination level (Aroclor 1248, 1242, 1016)
because of the significant difference in their molecular structures with Aroclor 1254.

Therefore, this method showed good specificity for the detection of Aroclor 1254.
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Table 3.4 The cross-reactivities of the antibody against Aroclor 1254 and other Aroclor

using competitive assay.

Compound IC50 (ng/ml) CR (%)
Aroclor 1254 3.94 100
Aroclor 1248 14.4 27.36
Aroclor 1260 5.20 75.765
Aroclor 1242 11.57 34
Aroclor 1262 6.30 62.53
Aroclor 1016 13.27 29.6

3.13.6 Optimizing the Concentration of PCB Ab and Secondary
Antibody:

The objective of this assay was to optimise the concentration of PCB primary antibody
on the biochip working electrode using the capture assay for PCB detection. This assay
was carried out by immobilising a BSA-Aroclor 1254 coating conjugate at 5 pug /ml to
completely cover the working electrode. The biochips were blocked with the bocking
solution containing 1 % BSA in Tris Buffer pH 7.4. A serial dilution of different
concentrations of primary antibody was prepared in 12 different concentrations start
from 10 pg/ ml. measured using Linear sweep voltammetry detection. The graph in

Figure 3.8 (A) shows the optimized concentration of PCB primary antibody was 0.123
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pug/ml. Clearly, optimization of the assay components was required. Hence, capture
assays were performed using a fixed concentration of Polyclonal Chicken antibody (IgY)
specific to PCB and varying secondary antibody dilution. Blank results had no primary
antibody) to ensure that increased secondary antibody concentration did not also lead
to an increase in non-specific binding of the secondary antibody to the sensor surface.
Figure 3.8 (B) shows that a dilution of 1/5000 goat anti-chicken (lgY) antibodies gave a
large current without a significant amount of non-specific binding and hence this
dilution was used for all further assays. The capture assay was then repeated using the

optimized secondary antibody concentration.
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Figure 3.8 (A) Optimized concentration of Polyclonal Chicken antibody (IgY) specific to
PCB (primary antibody) using capture assay. Detection was LSV (n=3). The optimized

concentration of PCB was 0.123 pg/ml.
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Figure 3.8 (B) show that a dilution of 1/5000 Goat anti-chicken IgY gave a large current
signal without a significant amount of nonspecific and hence this dilution was used for

all further assays.
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3.13.7 The Importance of Blocking Solution

The study was thus key in establishment of the important of the blocking steps. The
first control was the substrate of pAPP, second control was the assay without the
blocking steps and the last one was the normal assay. From the graph in Figure 3.9
there is a very low signal for blank. This observation was expected as there were no
biocomponents immobilized on the electrode surface. For the assay without blocking
step, the signal observed had high standard deviation not as that observed for normal
assay. With the fact that the blocking step was skipped in the second control, it can be
concluded that non-specific binding has occurred. This phenomenon happened
probably due to the interference of antibody and antigen interactions, which led to
the binding of the unexpected region of antibodies with low avidity, thus resulting in

high signal and low precising.
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Figure 3.9The influence of blocking step. The capture assay was carried out using AP
labelled.
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3.13.8 Topography Characterization

In order to study SAM behavior, a characterization of the monolayer on the gold
electrode was carried out using contact angle, SEM and AFM. The contact angle data
showed significant variations in hydrophobicity/hydrophilicity when the substrate was
modified. The gold immobilized SAM electrode was tested using contact angles for
structural information about the modified surface, as shown in Figure 3.10 A, B. SEM
and AFM are complementary techniques in assessing SAM formation. SAMs are usually
smooth, structurally ordered and chemically defined at the microscopic scale [42].
Therefore, they are ideal for SEM and AFM measurements. Comparisons were made
before and after SAM and protein immobilization was performed on the same gold
surface. Furthermore, the interaction between SAM and proteins immobilized on the
gold electrode was examined. The bare gold and the modified electrode images were
taken at x100 magnification using SEM corresponding to the various stacks, as shown
in Figure 3.10 C, D. AFM high-resolution images were taken to measure the roughness
of the gold surface electrode during the electrode modification process. This process
began with the bare electrode (Figure 3.10 E), then the electrode when 11-MUA was
adsorbed (Figure 3.10 F), then the electrode after the activation of EDC/NHS (Figure
3.10 G), and, finally, the electrode after the protein layer of BSA-Aroclor 1254 was

formed (Figure 3.10H).
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Figure 3.10 Typical topography of the bare electrode surfaces of gold SPE and modified
with SAM. Contact angle graphs of bare electrode (A) and SAM-modified electrode (B);
SEM micrographs of bare electrode (C) and 11MUA-SAM-modified electrode (D); top
cross-section (x100 magnification); AFM micrographs (E) bare Au, (F) 11-MUA SAM (20
h), (G) EDC/NHS (1 h), (H) BSA-Aroclor 1254 coating conjugate.

3.13.8.1 Contact Angle Measurement

The thiol end groups utilized in the fabrication of the modified SAM gold electrodes
impacted on the water contact angle. The contact angle for bare gold electrodes is 59.4
degrees [24,43]. However, as shown in Figure 3.10 A, B, after 20 h of SAM synthesis,
the contact angle value decreased in comparison with the gold bare electrode value,
showing the presence of a hydrophilic surface. Hydroxyl-terminated (OH) and methyl-
terminated (CHs) SAMs will usually possess a smaller hydrophobic surface over amine-
terminated (NH2) or carboxylic acid-terminated (COOH) SAMs [42,44]. Previous
research has indicated that the low contact angle value of carboxylic acid-terminated
monolayers suggests that the monolayer surface is covered with dense arrays of thiol

tail groups. Findings by Wang et al. indicated that SAM carboxyl acid terminus had a
minimum contact angle of 10°, depending on the kind of SAM synthesis utilized [42,45].
On the other hand, the contact angle for SAM produced in ethanolic solution has been
measured as 35°. This corresponds with the contact angle values obtained twenty

hours after SAM modification, as indicated in Table 3.5. SAM adjustment had 2.2 %
percent relative standard deviation and decreased the water contact angle for five

tests that were recorded per electrode.

174



Chapter 3 Development of Electrochemical Immunosensor

Table 3.5 The water contact angle of gold electrodes is treated with thiol SAM.

Before SAM After SAM
Contact angle 6 (°) 56.9 35.4
Relative standard deviation (%) 3.7% 2.2 %

Measurement was taken five times for each electrode.

3.13.8.2 Scanning Electron Microscopy (SEM)

The surfaces of the electrodes were photographed using SEM so as to identify at a high
resolution the spatial variations in the electrodes before and after modification. The
bare gold electrode surface appeared smoother (Figure 3.10 C) than the modified
electrode and had a more uneven structure (Figure 3.10 D). As was previously reported
[21], the images in Figure 3.10 D show the transition in the surface morphology of the

electrodes as the various stacks attached to the gold surface.

3.13.8.3 Atomic Force Microscopy (AFM)

AFM was applied at 0.5 uM? to evaluate the interactions between SAM and the
proteins that were immobilized on the bare gold electrodes. Figure 3.10 E shows that
there was a smooth surface structure for the bare gold electrodes to a resolution of 42
nm. The topography image after the adsorption of 11-MUA revealed a flat surface, with
the calculated average of the surface roughness being 2.80 nM (Figure 3.10 F). It was

found that the protein layer of the BSA coating conjugate, which formed on the
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surface, resulted in greater roughness (Figure 3.10 H) than the surface following the
activation of EDC/NHS (Figure 3.10 G). Surface roughness and particle diameter are
important because they can aid in the study of the effects of tribological behavior on
surfaces. Table 3.6 shows the surface roughness and particle diameter size of the gold
electrode before and after the introduction of SAM, EDC/NHS, and the protein layer. It
has been reported that surface roughness increases with the addition of protein [46];
however, this research found that the surface roughness decreased after the addition
of the protein. The maximum particle diameter was 141.20 nm. As has been argued by
Kim [47], it may be possible that the roughness could be due to the different shapes of
the protein layer. In addition, it shows inhomogeneous particles size after the addition

of the BSA-Arcolor 1254 coating conjugate. This is due to the aggregation of antibodies.

Table 3.6 Surface roughness and particle diameters of bare and modified gold

electrodes.
Bare Gold SAM (20 h) EDC/NHS (1 h) BSA-Alcoler1254
Electrode Coating Conjugate
Surface Roughness 4.74 2.8 2.88 2.94
Min particles diameter (nm) 11.86 - - 11.86
Max particles diameter (nm) 107.74 - - 141.2

*Data obtained from NanoScope Analysis 1.9 software.
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3.13.9 Indirect Competitive Assay

Linear sweep voltammetry was performed to generate the curves of indirect competitive
assay using bare gold electrodes and SAM modified electrodes, as shown in Figure 3.11.
Prior to surface modification, the biochips were cleaned using a plasma cleaner. After
SAM formation, and to eliminate any unbound molecules from the surface of the gold,
the electrodes were cleaned using absolute ethanol. Following SAM formation, a mixture
of EDC and NHS was immobilized onto the surface of the gold electrode. The resulting
intermediate NHS esters were stable at neutral conditions and did not hydrolyze easily.
The unmodified bare gold electrode had a limit of detection (LOD) of 0.202 ng/ml and R2
value of 0.96. These findings are lower than other investigators’ reported values, but
they are still within reasonable parameters [24]. A linear range from 0.304 to 220 ng/ml
was attained. When the electrode was changed, it was found that the modification
electrode displayed a LOD of 0.09 ng/ml, a sensitivity level that was much lower than
that of the unmodified electrode. The sensor recorded a linear detection range of
between 220 and 0.101 ng/ml with an R2 value of 0.99. This novel modification had good

value among other literature reviews, as illustrated in Table 3.7.
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Figure 3.11 A competitive assay was conducted in which the performance of the gold
electrode modified with 11-MUA was compared with the assay performance using (a) a

bare gold electrode and (b) SAM modification gold electrode.
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Table 3.7 Comparison with previously reported electrochemical PCB immunosensors

with present work.

Immunosensor Analyte LOD Linear Range Ref.
MoS2-rGO/Thi/AuNP/GCE PCB77 80 ag /mL 0.3 fg/mL—0.1 ng /mL [58,59]
SnS2/B-CD modified Aroclor1016 5uM 0.625 to 80 uM [19]
screen-printed electrode
B-CDP/rGO/PPy/PGE PCB 0.50 pM 1.0 pM—-10.0 uM [5]
Gold bare electrode Aroclor of 1254 | 0.20 ng/ml 0.304-220 ng/ml This work
Au SPE/11MUA-SAM/EDC/NHS| Aroclor of 1254 | 0.09 ng/ml 0.1 to 220 ng/ml This work
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3.13.10 Real Sample Analysis

11-MUA-SAM/EDC/NHS/SPGE was applied to determine Aroclor 1254 in soil, tap and
river water samples collected using the standard addition technique. The river and tap
samples were further diluted with tris-BSA buffer solution pH 7.4 and analysed by LSV
and ELISA. As highlighted in Table 3.8, the developed sensor’s results showed that the
recovery values of the spiked samples were in the range of 91-97% for all samples, which
indicated highly reliable results, with an RSD value that was below 3% (n = 3). On the
other hand, the Aroclor 1254 results obtained by ELISA showed that the recovery values
of the spiked samples were in the range of 107.26—120% with an RSD of approximately
7 % (n = 3) Therefore, the 11-MUA-SAM/EDC/NHS/SPGE was an effective technique in
determining Aroclor 1254 in environmental samples. Similarly, the analytical results that
were obtained from the 11-MUA-SAM/EDC/NHS/SPGE showed that the procedures of
the sample analysis were significantly easy as it benefits from a lower determination time
and fewer potential errors produced from the elaborate sample preparation. These
results were more effective and reliable when compared to the results obtained from
ELISA measurements, which is a traditional technique. In terms of detecting Aroclor
1254, it was clear from the results that ELISA could not accurately quantify the variables
that were being tested. Therefore, this meant that the developed electrode was more
sensitive and precise when compared to the standard instrument, which made the
results obtained more satisfactory. The results of the fundamental analysis also showed
that the developed sensor had other benefits such as high accuracy, selectivity, and

sensitivity in the determination of the PCBs in the environmental samples.
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Table 3.8 MUA-SAM/EDC/NHS/SPGE and ELISA (immunoassay) for the determination of

Aroclor 1254 in environmental samples.

Techniques Sample Added Found |Recovery%| RSD % (n =3)
(ng/ml) (ng/ml)

11-MUA- River water 75 72.75 97 1.34
SAM/EDC/NHS/SPGE

11-MUA- Tap water 75 68.25 91 2.35
SAM/EDC/NHS/SPGE

11-MUA- Soil 75 71.46 95 1.19
SAM/EDC/NHS/SPGE

ELISA River water 75 90 120 6.88

ELISA Tap water 75 80.44 107.26 4.96

ELISA Soil 75 84.43 112 5.82

181




Chapter 3 Development of Electrochemical Immunosensor

3.14 Conclusions

The modification of Au SPE/11MUA-SAM/EDC/NHS in this paper was successfully
employed to determine PCBs (Aroclor 1254). In this paper, contact angle, SEM and AFM,
the typical topography characterization techniques were used to examine the surface of
bare and modified electrodes. In addition, investigation of biochips’ electrochemical
behaviour was carried out by way of impedance and cyclic voltammetry, through the use
of 5 mM potassium ferricyanide/ferrocyanide in the presence of 0.1 M KCl as the redox
probe. This redox pair was selected as they are one of the most studied redox complexes
in electrochemistry. LSV and amperometry were used to test the stability of the coated
electrode as well as the enzymatic redox reaction. The competitive assay was applied to
test the developed SPE. The findings demonstrated a significant increase in sensitivity
and analytical performance when compared to the SPE. Utilizing the 11-MUA SAM
solution, modification of the electrode with the gold surface for detecting Aroclor 1254

determined an LOD of 0.09 ng/ml and a linear range (220-0.101 ng/ml).

In an immunoassay, immobilizing protein to targeted sites without non-specific binding
is critical. SAM was employed to reduce the random orientation of antibodies attaching
to the surface. Findings indicated that the presence of SAM on the gold electrode
increased the binding of the antibody to the surface, and therefore, sensor sensitivity
was increased. It was observed that the electrode became more insulated after the
immersion of EDC/NHS and BSA-Aroclor 1254 coating conjugate. Overall, the developed

chip showed good performance and stability and could be utilized for detection of PCB
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compounds using the proposed electrochemical immunosensor. This immunosensor
could be used in conjunction with a portable device, allowing for in-field measurements.
Moreover, much more work could be carried out to improve the commercialization of
the described technique, such as minimizing the number of stages for the assay and the
incubation time. In addition, further study could seek to increase the sensitivity and
performance of the individual sensor measurements. This would also reduce the steps
required for immunoassay testing in the field. Therefore, the integration into a real-time
portable lab- on-a-chip solution could represent a future platform for monitoring organic
pollution such as PCBs in the environment and avoid costly and non-efficient analysis of

the samples in dedicated laboratories.
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Appendix

To obtain the optimal incubation time for SAM formation, we studied the influence of
SAM immobilisation time on the gold electrode, using 11-MUA. Measurements were
carried out on the same gold electrode, with the incubation taking place at room
temperature. As shown in Figure A.1, the impedance values increased in proportion to
the incubation time. However, the gold electrode immobilised for 1,2,4,20 hours and
from the graph we found that the immobilised for 20 hours gave the better result.
Generally, the SAM formation involving 11-MUA on the gold surface was immobilised for
between 12 and 20 hours [34][45]. Following this, we proceeded with a 20-hour SAM

immobilisation time of 11-MUA for further experiments.
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Figure A.1 Nyquist plot: influence of SAM immobilization time on gold electrode using 5

mM 11-MUA.
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4. A Novel Label-Free Electrochemical Immunosensor Based on a Self-
Assembled Monolayer-Modified Electrode for Polychlorinated Biphenyl
(PCB) in Environmental Analysis

Note: This work has been published in the journal of Electrochem Acta, 2022, 3(3), 451-462.

4.1 Abstract

PCBs (polychlorinated biphenyls) are a very large group of organic compounds that have
between two and ten chlorine atoms attached to the biphenyl. These compounds have
an acute impact as environmental pollutants, causing cancer and other adverse health
effects in humans. It is therefore imperative to develop techniques for the cost-effective
detection of PCBs at very low concentrations in ecosystems. In this paper, a novel label-
free, indirect, competitive electrochemical immunosensor was first developed with a
PCB-BSA conjugate. It is shown herein to compete with free PCBs for binding to the anti-
PCB polyclonal primary antibody (lgY). Then, we used a secondary antibody to enhance
the sensitivity of the sensor for the detection of PCB in a sample. It has been successfully
immobilized on an 11-mercaptoundecanoic acid (11-MUA)-modified gold electrode via a
carbodiimide-coupling reaction using cross-linking 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) and N-hydroxy succinimide (NHS) on the electrode surface. The
immunosensor was investigated by cyclic voltammetry (CV), impedance spectroscopy
(EIS) and differential pulse voltammetry (DPV) in a standard solution of [Fe (CN)6]3/4". A

linear range of 0.011-220 ng/ml and a limit of detection (LOD) of 0.11 ng/ml for PCBs
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detection were achieved by the developed immunosensor, showing advantages over
conventional assays. The novel label-free electrochemical immunosensor discussed in
this paper is a solution for simple, rapid, cost-effective sample screening in a portable,
disposable format. The proposed immunosensor has good sensitivity, and it can prove
to be an adequate real-time monitoring solution for PCBs in soil samples or other

samples.

Key words: polychlorinated biphenyls; label-free disposable screen-printed gold
electrode; differential pulse voltammetry; immunosensors; self-assembled monolayers

(SAM).

4.2 Introduction

Polychlorinated biphenyls (PCBs) are organic compounds containing two to ten chlorine
atoms attached to the biphenyl [1,2]. Aroclor 1254 (Ci2HsCls) is a mixture of
polychlorinated biphenyls, and is a viscous, light-yellow liquid with a molecular weight
of 328, containing 21 % C12HsCls, 48 % C12HsCls, 23 % C12H4Cls, and 6 % Ci2HsCly, with an
average chlorine content of 54% [3]. Owing to its severe harm to the environment, the
chemical was banned despite its wide use in industry. Nevertheless, it is still present in
electrical power generation, plastic manufacturing, chemical production, printing, and
other industries; therefore, PCB contamination is still a global issue. It can be found in
air, soil, and aquatic environments, and in human bodies [4—-6]. PCBs disrupt endogenous
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hormones and immune functions, and can lead to tumor formation [7,8]. It is therefore
important and urgent to develop reliable, on-site screening systems that use simple
analytical methods with high specificity and sensitivity for PCB detection. These methods
can be applied to trace levels of PCBs that pose a major threat to the environment and

to public health.

For PCB detection, standard methods such as gas chromatography—mass spectrometry
(GC-MS) and high-performance liquid chromatography—mass spectrometry (HPLC-MS)
have been commonly used [9-11]. Although they are sensitive and accurate, these
instrumental analyses have some limitations and are mainly used in laboratory settings.
Therefore, immunoassay techniques seem to be a viable solution for portable devices.
For example, enzyme-linked immunosorbent assays (ELISA) [12-14] have detection
limits of less than 1.0 pg/ml with high specificity [15,16]. Traditional ELISA involves many
steps and long incubations, which must be reduced in order to enable rapid, on-site
detection of PCBs. Therefore, electrochemical methods will replace optical ones because
they enable faster response times and miniaturization. Electrochemical biosensors can
be labelled or label-free [17]; label-free-based immunoassays have attracted
considerable attention recently due to their fast, simple, and low-cost on-site analysis,
and the fact that do not require the modification of biological samples [18-21]. A
competitive immunoassay is the common scheme used with label-free immunosensors
[3,6,17,22], whereby the formation of antibody—antigen complexes change the thickness

and mass of an electrode surface, which in turn blocks the transfer of electrons to the
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electrode surface [23,24]. Therefore, the key factor here is the immobilization of the

antibody or antigen on the electrode surface with no nonspecific binding.[25,26]

In view of the rarity of studies using label-free electrochemical immunosensors for PCB
detection [7,8,13,27-30], in this study, a novel, sensitive, and label-free electrochemical
immunosensor was developed based on an indirect competitive assay on modified
electrodes for the quantification of total polychlorinated biphenyls (PCBs). Detailed
instructions for electrode modification were provided in our previous study [3]. This
study applied the Aroclor 1254—bovine serum albumin (BSA) conjugate, which became
the solution for the competition assay and enabled our development of the
immunosensor modified with 11-mercaptodecylic acid (MUA). PCB-BSA competed with
antigens in solution for poly- clonal antibodies (anti-PCB), resulting in two types of anti-
PCB: one which binds freely to PCB in solution, while the other binds to PCB-BSA.
Secondary antibodies were then applied, which in turn competed with these two types
of anti-PCB, changing the electro- chemical signals, and increasing the sensitivity of the
immunosensor. Differential pulse voltammetry (DPV) was applied to record the
interaction of antibodies with PCB antigens on the modified electrode, using [Fe
(CN)6]374 solution as a redox probe. PCBs were therefore competitively bound to this
particular antibody, resulting in Aroclor 1254-BSA complex formation, which then
dissociated from the electrode, causing significant decreases in DPV. Capture assays
were used in optimization, and the analyte concentrations remained constant, allowing
the use of direct ELISA. Competitive assays were used in the sensitivity measurements,

and the analyte concentration gradually changed, allowing the use of indirect ELISA.
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PCBs were determined using the proposed immunosensor in both standard and real
samples. The details of the preparation, characterization, and possible application of
the immunosensors were investigated as follows. The presented immunosensor’s linear
dynamic range and limit of detection were compared with a labelled immunosensor,
ELISA, and other previously described immunoassays for PCB detection. We believe that
the findings of this study, a label-free detection technique, will have a significant impact
on the development of an ultrasensitive platform for detecting and quantifying PCBs in
the environment. Figure 4.1 illustrates the functionalization process of SPGE and the

detection process of the PCB contaminant.

Screen primted label-free
Gold electrode ImMmunoassay

PCB (Aroclor i
1554) PCB-BSA primary secondary

conjugate anubody antibody

Figure 4.1 Functionalization steps of PCB immunoassay on SPGE, reprinted from

reference [31].
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4.3 Materials and Methods

4.3.1 Chemicals and Materials

Aroclor 1254 PCB was purchased from Cole-Parmer Instrument Company Ltd., Eaton
Socon, Saint Neots, UK. Reagents, such as buffers (Tris base: PBS phosphate-buffered
saline, DEA—diethanolamine); solutions (NaHCOs3—sodium bicarbonate, NaCl—sodium
chloride, KCl potassium chloride, HClI 37 % hydrochloric acid, NaBH3CN—sodium
cyanoborohydride,NHs-OH—ammonium  hydroxide, ¥ NaOH—sodium  hydroxide);
chemicals (NHS—N-hydroxy succinimide 98%, EDC—1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide, 11-MUA—11-mercaptoundecanoic acid 95%, K4[Fe(CN)s] potassium
ferro-cyanide, K3[Fe(CN)e] potassium ferricyanide, BSA—bovine serum albumin);
Tween-20 detergent; acetone; alcohol (1-isopropyl; ethanol); and clean soil, were bought
from Sigma (Dublin, Ireland). Other biochemicals, including polyclonal chicken antibody
(IgY), specific to PCB; goat anti-chicken IgY (heavy and light chain) unconjugated
antibody; and PCB-BSA conjugate (Aroclor 1254), were purchased from GmbH
(Heidelberg, Germany). All the reagents were of analytical grade or higher, and all the

buffers and solutions were made from water filtered with nanopores (18.2 MQ-cm).

4.3.2 Equipment and Instruments

For the optical assays, a microplate reader (EL Read 2000 from biochrom.co, Cambridge,
UK) and 96-well ELISA microplates (Greiner bio-one from Frickenhausen, Ger many) were
used. For electrochemical assays, a Palm Sens potentiostat (Palm Instrument BV Houten,
The Netherlands) and disposable electrochemical screen-printed gold electrodes (AuE)
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with a size L 3.4 W 1.0 H 0.05 cm and a diameter of 4 mm (Drop Sens, Asturias, Spain)
were used. For incubation and pretreatments, a 37°C Biometra OV3 Incubator
(Gottingen, Germany) and a plasma cleaner (Harrick Plasma Ithaca, Ithaca, NY, USA) were

used. Between measurements, nitrogen spray guns were used to dry the SPEs.

4.4 Cyclic Voltammetry for Pretreatment of Electrodes

For electrochemical measurements, it is necessary to ensure that the electrode surfaces
are clean. The SPEs were treated with plasma cleaner for 30 minutes to remove any
organic compounds. After treatment with plasma cleaner, the SPEs were stored in clean
and dry containers and ready to be used for electrochemical detections. This experiment
was described in chapter 3. The SPE used is screen-printed gold electrode containing gold
working electrode (0.11 cm?), gold counter electrode and Ag/AgCl Silver reference

electrode (Figure 4.2).

Figure 4.2 Metrohm DropSens, gold screen-printed electrode.
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4.5 Modification of SPG Electrodes

Our method for modifying the electrode was discussed in our previous paper [3]. We
briefly describe the method here: 5 mM of 11-MUA used as SAM was applied on the gold
working electrodes. 11-MUA was diluted in absolute ethanol and bubbled with N; for the
purpose of reducing the oxygen [23,32,33]; then, the electrodes were immersed in this
mixture for 20 h at 25 °C. Next, the electrodes were rinsed thoroughly with ethanol and
dried with N». After that, 50 mM EDC and NHS solution was used to immerse electrodes
for 1 h, and then the electrodes were rinsed with deionized water and dried again with
N2. The electrodes were then exposed to protein as a final step. A measure of 5 pug /ml

of Aroclor 1254—BSA coating conjugate was immobilized for 1 h at 37 °C.

4.6 Optimization of Label-Free Immunoassay

These different experimental parameters were optimized using an Aroclor 1254 solution
at 25 ng /ml concentration without a competition test (we used fixed-concentration PCBs
at 25 ng /ml Aroclor 1254 concentration). Therefore, instead of performing the
competitive assay, we applied a capture assay with DPV techniques to optimize several
conditions, including the concentrations of BSA—Aroclor 1254, the concentrations of
anti-PCB Ab, and the competition time. Under optimized experimental conditions, the
label-free immunoassay was performed using an indirect competitive immunoassay
scheme using DPV, which was applied in order to find the calibration plot and compare
the other methods. The electrode surfaces were incubated at 37 °C for one hour with 10

uL of BSA—Aroclor 1254 coating antigen (5 pug /ml) (pH 7.4). For washing the electrode
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surfaces, 0.05 M Tris, pH 7.4 (0.05% Tween 20) was sprayed on them three times, and
then the electrodes were blocked for 30 min at 37 °C with 1% BSA—Tris (0.05 M Tris—HCl).
To eliminate unbound coating conjugates, the electrode surface was washed three times
following the incubation process. Aroclor 1254 PCB, serially diluted with PCB-specific
polyclonal chicken antibody (lgY), was mixed and left to incubate for 15 min with 0.246
ug/ml of the polyclonal chicken antibody (IgY). The electrode surface was exposed to 10
uL of each dilution, and binding occurred for 30 min at 37 °C. The SPGE surface was
coated with a 1/5000 dilution of unlabelled anti-rabbit IgG antibody and allowed to react
for 30 min at 37 °C in order to standardize the assay. A 30 pL-volume wash buffer was
used to wash the electrodes before the electrochemical reading. The DPV analysis
utilized a voltage range from -0.2 to +0.6 V at a scan rate of 0.05 V s and a response
amplitude of 0.05 V. In addition to the step potential, the modulation time and interval
time were all fixed during the assay: 0.01 V and 0.1 s, respectively, were used in 0.1 M

KCl in 4 mL PBS, containing a 5 mM redox probe [Fe (CN)6]37/4".

4.7 Real Sample Analysis

For the real sample analysis, ten grams of soil were placed in a glass flask and spiked with
a known amount of Aroclor 1254 before being extracted for recovery studies. A measure
of 5 g of the spiked sample was added to 10 mL of methanol. The flask was sealed, shaken
frequently for 2 min, and then left at room temperature for 30 min. The sample was

centrifuged at 2500 rpm for 10 min [34,35]. After waiting 5 min for the solid particles to
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settle, the soil was filtered through a 0.45 um nitrocellulose filter. The extract was then

evaporated to a volume of 1 mL before processing, as described in Section 4.6.

4.8 Results and Discussion

4.8.1 Optimization of the assay conditions

Different concentrations of BSA—Aroclor 1254 conjugate and anti-PCB Ab, and different
competition times were selected to test the immunosensor. This test was performed
using a capture assay and the concentration of BSA—Aroclor 1254 conjugate varied from
20 pg/ml to 0.155 pg/ml in this study. The BSA—Aroclor 1254 conjugate was immobilized
on the sensor surface in three independent experiments. As the concentration of BSA-
Aroclor 1254 increased, there was an increase in the peak sensor currents. The
concentration of the BSA—Aroclor 1254 conjugate (5-20 ug /ml) did not affect the DPV
current further; therefore, 5 ug/ml was chosen as the optimal concentration to use
during the experiments, as shown in Figure 4.3 (A). Furthermore, 5 ug /ml BSA—Aroclor
1254 coating conjugate were immobilized on the electrodes and used to cover the
electrodes completely, followed by blocking the chips with 1% BSA in Tris buffer (pH 7.4).
The primary PCB antibody was serially diluted in concentrations ranging between 10 pug
/ml and 0.0005 ng /ml, as shown in Figure 4.3 (B), the optimal concentration of anti-PCB
Ab was 0.246 pg/ml. The competitive times for PCB—BSA and PCBs standards were also
optimized because of the competition with the finite anti-PCBs, which is a factor that
affects the DPV response of the biosensor, Figure 4.3 (C) shows the peak current

progressed at a dramatic rate until it reached minimal intensity at 25 min (containing 25
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ng/mL Aroclor 1254 concentration). A majority of the PCB was bound specifically to anti-
PCB as shown in the data from 10 to 35 min. It is therefore optimal to have a 25-minute

competition time.
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Figure 4.3 (A) Optimized concentration of PCB-BSA conjugate using capture assay.

Detection was DPV (n=3). The optimized concentration of the PCB-BSA conjugate was 5

ug/ml.
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Figure 4.3 (B) Optimized concentration of PCB using capture assay. Detection was DPV
(n=3). The optimized concentration of PCB was 0.246 pg/ml, which is less than the
optical, that was 0.465 pg/ml.
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Figure 4.3 (C) Competition time for immunosensor response. Detection was DPV (n=3).

4.8.2 Sensitivity of the immunosensor for PCB Aroclor 1254 determination

Aroclor 1254 was examined under optimized conditions using DPV in PBS (pH 7.4) to
assess its effects on analytical capability. The DPV redox peak currents shown in Figure
4.4 (A) are clearly shown to decrease with increasing concentrations of Aroclor 1254.
Results indicate that Aroclor 1254 and PCB-BSA were successfully incorporated. Figure
4.4 (B) shows the current had a linear relationship with Aroclor-1254 concentration on
samia-logarithmic scale. The concentration was between 0.011 ng/mL and 220 ng/ml.
Additionally, the linear regression equation fit is shown (Y=-4.623In(x)+39.8) (R2 =0.99),

and the limit of detection was estimated to be 0.11 ng/ml. This was estimated to be three
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times that of the SD of the blank sample/slope. Further, we detect the Aroclor-1254 by
the EIS method since it exhibits better analytical performance and to prove the concept.
Figure 4.4 (C) depicts the Nyquist plots for the binding of Aroclor-1254 antigen at the
immunosensor probe with the concentration of ranging from 0.011 to 220 ng/ml. The
diameter of the semicircle was increased with increasing the Aroclor 1254 concentration,
indicating that the competition between the free Arocior -1254 and the immobilized
BSA- Aroclor 1254 for binding to the anti-PCB antibody is, indeed, existent. as shown in
Figure 4.4 (D) that the corresponding Rcwas positively proportional to the
concentration of Aroclor-1254, enhancing the linear relationship between the EIS
response and the Aroclor-1254 concentration logarithm from 0.011 to 220 ng/ml ,this
corresponds to the linear regression equation of AR (kQ) = (Y=- 0.958In(x)+ 8.3204), the
correlation coefficient was (R2 = 0.989), which resulted with a limit of detection (LOD) of
0.91 ng/ml (S/N = 3) which is consistent with the DPV responses. Figure 4.4 (E) shown
the Bode plot represents the relationship of Z of the system versus the frequency range
was applied (only Z values at frequency range of 10* Hz down to 10° Hz are plotted). The
variation of difference in Rct showed a linear behaviour with the logarithmic
concentration of Aroclor 1254.Comparing Table 4.1 with other existing PCB-detection
methods, the immunosensor demonstrated a wider linear dynamic range and an
acceptable detection limit with a sensitivity of 4.62 pA-ng! and 0.958X10* Q ng* ml for

DPV and EIS respectively.
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Figure 4.4 (A) Differential pulse voltammetry (DPV) responses the designed
immunosensor to Aroclor 1254 concentrations(a) 0.011 ng/ml, (b) 0.033 ng/ml, (c) 0.101
ng/ml, (d) 0.304 ng/ml, (e) 0.91 ng/ml, (f) 2.7 ng/ml, (g) 8.2 ng/ml, (h) 25 ng/ml, (i) 74
ng/ml, and (j) 220 ng/ml.). (B) Plot of DPV current with respect to logarithms of different
Aroclor 1254 concentrations. (C) EIS spectra for [Fe (CN)6]3~/4 after the binding of Aroclor
1254 at the immunosensor probe with different concentrations (a-j). (D) Plot of EIS the
corresponding calibration obtained from EIS responses with respect to logarithms of
different Aroclor 1254 concentrations. (E) The Bode impedance plots log of frequency vs.

Magnitude Z(ohm).
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Table 4.1 Performances of diverse electrochemical detection.

Linear Real

Method Detection mode LOD Amplification Ref.
range sample

DPV e 1-100 0.22 ng/L None Water [185]
EIS Noncompetitive  0.01-10 0.001 pg/L None Qil [183]
DPV Competitive 50-0.01 5.2 ppm AP (ALP) Food [241]
LSV Competitive 0.1-220 0.09 ng/ml AP (ALP) Water [3]
This

DPV Competitive  0.011-220 0.11 ng/ml None Soil
work
This

EIS Competitive 0.011-220  0.91 ng/ml None soil
work

4.8.3 Reproducibility and stability of the designed immunosensor

Electrochemical immunosensors were tested with PCB concentrations as high as 25
ng/ml across seven electrodes to verify the reproducibility. The relative RSD was 2.43 %.
According to the results, the fabricated immunosensor has high reproducibility and
stability, which are important parameters in quantitative detection by immunosensors.
In Figure 4.5, DPV was used for a complete assay every 5 days for a month (n=3). After
storing the immunosensor for 10 days, it maintained 98 % of its original response, while
maintaining 92 % after 20 days. This electrode displayed excellent stability (RSD 5.9 %)

over a long period after being kept under dry conditions at 4 °C for 30 days. This might
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be due to the antibody being firmly attached to the gold surface, which is a reason for

the good stability.

Current(uA)

Days

Figure 4.5 The stability of Aroclor 1254 detection by the immunosensor in 30 days.

4.8.4 Real sample analysis

Aroclor 1254, which was added to the soil samples using the standard addition
technique, was determined using the developed immunosensor. As shown in Table 4.2,
the developed sensing device showed recovery values in the range of 90-96 % for a
spiked soil sample. All samples were run in triplicate. This indicated highly reliable
results, with an RSD value of 2.5 % (n = 3). In comparison with the traditional ELISA

method, the new immunosensor was effective and reliable in determining Aroclor 1254
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prevalence in the soil samples. In this case, the developed electrode met higher
performance standards than the standard instrument, so the results we obtained were
more appealing. The fundamental analysis also revealed that the developed sensor had
other advantages in terms of determining PCBs in soil samples, including the following:
high accuracy, high selectivity, and high sensitivity.

Table 4.2 SPGE electrochemical and ELISA (immunoassay) approaches for the

determination of Aroclor 1254 in soil samples (n=3).

Techniques Sample Added (ng/ml) Found (ng/ml) Recovery % RSD % (n = 3).

ELISA Soil 8.2 10.54 128.53 4.4 %
ELISA Soil 25 26.41 105.64 3.6%
Electrochemical  Soil 8.2 7.89 96.21 1.7 %
Electrochemical  Soil 25 22.74 90 25%
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4.9 Conclusions

In this work, a highly sensitive, cost-effective, and label-free electrochemical
immunosensor was used for the determination of PCBs (Aroclor 1254). A self-assembled,
monolayer-modified electrode was used in an indirectly competitive format and the
results were compared with those of other methods. This immunosensor had a linear
range of 0.011-220 ng/ml and a limit of detection (LOD) of 0.11 ng/ml and 0.91 ng/ml
for DPV and EIS respectively, under optimum conditions. According to our analyses, the
chip demonstrated good performance and stability and could be used to detect PCB
compounds using the electrochemical immunosensor. This immunosensor could be
incorporated into a portable device to carry out real-time measurements in the field.
Moreover, the described technique can be improved using nanoparticles, such as gold
nanoparticles (GNPs), to enhance the sensitivity and performance of the individual
sensor measurements. This would improve the commercialization of the technique we
present here. This would also reduce the steps required for immunoassay testing in the
field. Hence, incorporating an organic-pollutant-monitoring platform into portable lab-
on-a-chip technology would be a useful way to avoid the costly and inefficient analysis

of samples in specialized laboratories.
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5. Development of the QUEChERS Extraction Method for the
Determination of Polychlorinated Biphenyls (Aroclor 1254) in Soil Samples

by Using GC-MS

Note: This work has been published in the journal of Separations 2023, 10(4), 250

5.1 Abstract

Polychlorinated biphenyls (PCBs) have been found in soil, which has typically been the
result of industrial pollution in the past two decades. Although they are banned, PCBs
can still be found in soils and other environmental media. For this reason, it is critical to
develop an analytical method that can reliably identify and monitor their sources. This
study describes a gas chromatography with mass spectrometry (GC-MS) technique,
which was used to detect PCBs in soil samples by using a fast extraction method. Using
the QUEChERS (quick, easy, cheap, effective, rugged, and safe) method, PCBs were more
effectively extracted from soil. Different related parameters, such as time of shaking and
centrifuging, type of solvent, and clean-up adsorbents, were compared and optimized.
As the extraction solvent, acetonitrile/water produced the best results, and as the
dispersive solid-phase extraction sorbent, diatomaceous earth produced the best

results. Procedures allowed recovery values between 95.3 % and 103.2 %. A limit of
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detection of 1.9 pg/kg was determined with relative standard deviations (n = 3) of 2.1-
4.0 % for intra-day assays and 3.6-5.8 % for inter-day assays. It was demonstrated that
the method was simple, sensitive, efficient, and environmentally friendly when applied
to soil samples. To our knowledge, an integrated approach based on QUEChERS for the
determination of Aroclor 1254 in soil has not been published before. It is believed that
this approach will eliminate the significant challenge of sample extraction in GC-MS
processing, which was considered to be a procedural challenge in previous analyses.
Furthermore, as part of a comparative study, analytical chromatographic techniques
were used to compare the developed immunoassay system discussed in the previous
chapters for detection of Aroclor 1254 in soil samples. This was to ensure that the
developed immunoassay sensor method met the requirements of laboratory analytical
methods. According to the comparison, the PCB test procedure was suitable. Moreover,

the developed immunoassays were compared for reliability and sensitivity.

Key words: polychlorinated biphenyls (PCBs); quick; easy; cheap; effective; rugged; safe

(QUEChERS); (GC-MS); sample preparation; extraction methods; soil environmental.
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Figure 5.1 Graphical Abstract.

5.2 Introduction

Polychlorinated biphenyls (PCBs) are chemical compounds formed artificially by
replacing hydrogen atoms within biphenyl molecules with chlorine atoms, classifying
them as a persistent organic pollutant. A total of 209 possible PCB congeners exists due
to different commercial names for PCBs, accumulating and posing an environmental
hazard [1-3]. Despite the banning of using and/or producing PCBs, they are still widely
spread in environmental media, including in agricultural soil [4]. Aroclor 1254 is one type
of PCB that has attracted researchers in recent years. A product with dozens of highly
chlorinated congeners, it has been widely used for numerous open and closed industrial
applications due to its chemical and thermal stabilities [5—7]. Therefore, the possibility
of exposing people to Aroclor 1254 has increased greatly in different ways, such as
through dietary intake, dermal contact, or inhalation, which negatively affect the human

body and cause serious conditions including neurotoxicity, dermatological disorders, and
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lung problems. Thus, the detection of Aroclor 1254 in the environment has become very

important and requires a sensitive analytical method [8,9].

Gas chromatography is most commonly used to detect polychlorinated biphenyls usually
in conjunction with an electron capture detector or mass spectrometry [10,11]. Some of
the features of these techniques are accuracy, reliability, and sensitivity [12]. Isolating
PCBs from the soil matrix is a crucial step in GC-MS. The PCB analysis has been carried
out using a wide range of extraction techniques, such as chemical methods involving
soxhlet extraction [13—15], liquid—liquid extraction [16,17], and solid-phase extraction
[18,19] or physical ones, involving ultrasonic extraction [20], microwave-assisted
extraction [21], supercritical fluid extraction [22], and pressurized fluid extraction [23].
Despite their own advantages, these methods suffer from hazardous solvents, and
sample preparation is expensive and time-consuming; therefore, Anastassiades et al.
introduced a quick, easy, cheap, effective, rugged, and safe method, known as

QUEChERS, as an alternative means of extraction [24].

The method involves acetonitrile extraction, followed by salt addition and dispersive
solid-phase extraction (d-SPE) clean up. According to this alternative method, organic
solvents are minimized, which was rarely discussed in the literature review [25]. PCBs
have been removed from a variety of matrixes, including fish tissue [26—28], mussels
[29], meat [30], and honey [31], and isolated by QUEChERS. Although different

optimizations were discussed in the soil sample [32], further modification is required,
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including combinations of solvents, sorbents, or salts, considering volume, type, and

ratio, which mostly depends on the analyte and the matrix.

Through the use of the QUEChERS method combined with GC-MS, this study aimed to
develop and validate an inexpensive and reliable method of analysing PCBs in soil. The
QUEChERS method was examined for PCB extraction from six soil samples by examining
the effect of water, solvent types, solvent volume, time of shaking, centrifuge time,
speed, and types of sorbents used. To demonstrate the efficiency and accuracy of the
methodology, blank samples spiked with standards were used to evaluate the precision

and accuracy of the method.

5.3 Experiment

5.3.1 Instrumentation and Conditions for GC-MS

The GC-MS instrument used for the analysis of PCBs was an Agilent 6890/5973, which
consisted of an Agilent 6890N GC equipped with an inert mass selective detector 5973.
A capillary column HP-5MS [5%-phenyl-methylpolysiloxane] Agilent J&W GC column,
with a dimension of 0.25 mm ID x 30 m and a 0.25 um film coating thickness, was used
for the separation of PCB congeners. Helium was used as the carrier gas, with a flow rate
of 1.0 ml/min and a pressure of 18 psi. The injector was kept at a constant pressure and
temperature of 250 °C. The oven temperature was programmed as follows: it was initially
set at 70 °C and held for two minutes, then increased to 180 °C at a rate of 25 °C/min,

then increased to 200 °C at a rate of 3 min, then increased to 280 °C at a rate of 8 min,
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and held for 13 min. The injector and detector temperatures were both set at 280 °C. The
injection volume was 5 plL in the splitless mode. The ionization voltage was 70 eV, and
the solvent delay was set to 6 min. Detection of the compounds was performed in full
scan mode with a scan range of 50 to 500 mass to charge ratios (m/z). The total run time

was 36.07 min. The MS transfer line temperature was 280 °C, and the ion source

temperature was 250 °C.

Figure 5.2 Agilent 6890/5973 gas chromatography-mass Spectrometry (GC-MS)
instrument.

5.3.2 Chemicals and Instruments

The following were all obtained from Sigma (Dublin, Ireland): an Aroclor 1254 stock
solution at a concentration of 200 ug/ml in methanol; a surrogate solution of a mixture
in acetone containing 200 ug/ml of decachlorobiphenyl (deca-CB) and of tetrachloro-

mxylene (TCMX); anhydrous MgSOs powder; sodium chloride NaCl powder;
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diatomaceous earth; clean soil; acetonitrile; hexane; acetone; ethyl acetate; methanol.
The reagents and solvents used in the experiments were generally of an analytical grade
or higher. Ultrapure deionized water, with a resistivity of 18.2 MQ-cm, was obtained
from a Milli-Q system (Millipore, Molsheim, France). We used a QUEChERS Original
Method extraction kit (5 g samples), 50/pk. The kit contents were as follows: 4 g MgSQa,
1 g NaCl with 50 mL tubes, and a QUEChERS dispersive clean-up kit (PSA, C18, MgS0a);
these were purchased from Agilent Technologies Ireland Limited (Cork, Ireland). We also
used a centrifuge (Heraeus Megafuge 16, Thermo Fisher, Bremen, Germany), analog
vortex mixer (VWR Mixer Mini Vortex, Missouri CT, USA), ultrasonic Branson 5510
cleaner (Branson Ultrasonics Corporation, Brookfield, CT, USA), suitable hoods,
glassware, volumetric flasks, pipettes, cylinders, beakers, vials, tubes for soil sample

extraction, and filter paper for soil sample filtration.

5.3.3 Standard and Sample Solution Preparation

A six-point calibration curve was employed for the quantitative analysis. Standard
solutions of Aroclor 1254 were prepared at levels of 0.32, 0.65, 1.25, 2.5, 5, and 10 ng/ml
by diluting 200 pg/ml Aroclor 1254 stock solutions with methanol. Surrogate standard
solutions for Deca-CB and TCMX were prepared at a concentration of 5 ng/ml via dilution
with acetone from a 200 pg/ml stock solution. To assess extraction recovery, a surrogate
standard was added, and the standards and working solutions were stored at 4 °C. For
the recovery experiment, the soil used in this work (about 100 g) was purchased from
Sigma. The soil samples were stored at room temperature 25 °C in dark-colored glass

bottles. The physicochemical properties of the soil were as follows: The soil texture was
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sandy; pH = 6.2; organic matter at levels of 0.1%. Afterwards, soil samples were spiked
with PCBs standards at 10 pg/kg and 5 ug/kg. To obtain a homogeneous sample, a
mechanical stirring apparatus was used. After that, to allow the solvent to evaporate,
the samples were left in a ventilated area for eight hours. The standards are thought to
bind the soil samples similarly to natural processes. For accurate recovery results, it is
critical to use suitable extraction methods and solvents to avoid soil interference. The
soil was pre-treated to remove the interfering compounds. Additionally, the potential
contamination sources were controlled and evaluated throughout the process to obtain

better recovery.

To calculate the recovery, a chromatogram with characteristic peak areas and retention
times, or a “fingerprint” pattern, was produced by a single PCB mixture of Aroclor 1254.
In this study, an Aroclor 1254 mixture containing tetra-CB, m/z 292; hexa-CB, m/z 360;
hepta CB, m/z 394; penta-CB, m/z 326 with peak areas of penta-chlorinated biphenyls
(penta-CBs) were selected and used to construct the calibration models for the
guantification of Aroclor 1254, because penta-CBs are one of the major PCBs in Aroclor
1254 (48% weight). The areas of selected peaks in the sample were compared to the

same areas in a standard PCB mixture, which was the method utilized.

Phase separation is a process in which a mixture is divided into two or more distinct
phases, usually due to the presence of a separating agent. Salt is a commonly used
separating agent, and its addition can induce phase separation. However, it is important
to note that the effectiveness of the extraction system can also be influenced by the

amount of salt used. In a recent study, the same amount of magnesium sulfate (MgS0a)
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has been used as in a previous study to induce phase separation [24]. Magnesium sulfate
(MgSQ0a) is often used as a drying agent to remove water from the organic phase and
improve the efficiency of the extraction process. In addition to MgS04, NaCl can also be
employed to minimize the effects of polar interference. This can be particularly useful
when analysing samples that contain high levels of polar compounds, as these
compounds can interfere with the extraction process and lead to inaccurate results.
Therefore, careful consideration of the type and amount of separating agents used is

crucial for the success of any extraction process.

5.3.4 Extraction and Clean-Up Procedure

Extraction was performed according to the QUEChERS method described by
Anastassiades, Michelangelo Lehotay, Steven J. (2003) [24]. Approximately 5 g of sail
samples were weighed into a 50 ml centrifuge tube and mixed with 15 ml of
acetonitrile/water (75%: 25%, v/v) or hexane/water (75%: 25%, v/v) in a QUEChERS tube,
followed by vortex homogenization for 4 min. Then, the tube containing samples was
ultrasonically treated for 20 min. After that, 4 g of MgS04 and 1 g of NaCl were added.
After vortexing the mixture for 4 min, the extract was centrifuged at 4500 rpm for 10 min
to remove the upper layer. Approximately 6 mL of the organic layer extract was
transferred into a clean-up tube containing 900 mg MgS0O4 and 150 mg of sorbent mix
(PSA/C18) or diatomaceous earth. After 4 min of vortex homogenization, the tubes were

centrifuged for 10 min at 4500 rpm. Approximately 1.5 ml of the upper layer were
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filtered before being transferred to GC vials for a GC-MS analysis, and 50 plL of deca-CB
and TCMX internal standards were added the modified QUEChERS extraction method is
shown in Figure 5.3. The blank samples (soils without PCBs) were treated the same way,

but without the PCB standard solution. The experiments were replicated three times.

Extraction _— Clean-up
Add 5 g of soil sample ) /' Add 900 mg MgSO4and 150 '
/ . \ mg of diatomaceous earth )
N\ = 7
15 ml of ((acetonitrile/water
(75% : 25%, v/v) After 4 minutes of vortex
. homogenization m
/ \ ‘\‘
Vortex homogenization for 4 min. | Z N\

l ultnson‘:?.tod for 20 min. / ‘/ Centrifuged at 4500 rpm for

\. / m 10 minutes.

9 S - \\ / e
\ P Seais ~
/" Add 4 g MgSO4 and 1 g of NaCl \ /7 1.5 milliliter of upper layer
vortex for 4 minute ) y " w‘as ﬁlto.rod before w
&L \ ransferred in GC ,50 pl of k- |
A internal standard. )

Centrifuged at 4500 rpm for 10

( minutes, Extract (6 ml) of the ° GC-MS analysis.

\ organic layer / -

Figure 5.3 Schematic illustration of the modified QUEChERS extraction method.

5.3.5. Method validation

The analytical parameters used to validate the method for analysing PCBs include
linearity, limit of detection (LOD), limit of quantification (LOQ), relative standard
deviation (RSD), and recovery. The linearity of the relationship between concentration
and the peak area was determined by analysing standard PCB solutions. Calibration
curves used 6 standard solutions in the concentration range of 0.32—10 ng/ml for Aroclor

1254 in triplicate. LOD and LOQ were calculated using the formulas LOD = 3.3 SD of
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intercept/slope and LOQ = 10 SD of intercept/slope. Precision was evaluated by
measuring the inter-day and intra-day variability at two concentration levels within the
linearity range, with three replicates on the same day or on three different days.
Recovery was assessed by performing a study at two concentration levels within the
linearity range to evaluate the accuracy of the GC-MS method. The results of these

analytical parameters are presented in the results section of the study.

5.4. Results and Discussion

5.4.1. Optimization of Extraction Solvent Conditions

For the purpose of this study, Aroclor 1254 was selected to be analysed in soil samples.
QUEChERS has been utilized in several studies to measure a variety of pollutants,
including pesticides in soil samples [32][33], aromatic organochlorines [34], veterinary
products, and pharmaceuticals [35][36]. In spite of this, the method has not been
extensively used in the extraction of Aroclor 1254 from soil. The QUEChERS method
should be optimized in order to obtain the best recovery. Several related parameters,

including water effect, solvent effect, and solvent volume effect, were optimized.

A traditional QUEChERS extraction was performed with samples containing a high
moisture content. Additionally, the QUEChERS method has been modified [37][38][39].
Humidity is an important factor when preparing soil samples [40]. It was necessary to
add ultrapure water to soil samples in order to ensure moisture content and to improve
the recovery of PCBs from soil samples. To achieve high extraction efficiency, different

amounts of water (3, 5, 7, and 10 ml) were tested. According to the results, maximum
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peak intensity and maximum recovery were achieved with 5 and 7 ml of water; as the
amount of water increases, peak intensity decreases (see Fig.5.4 (a)). For the additional

experiment we utilized 5 ml.

Extraction efficiency is highly dependent on the solvent used for extraction. In addition,
the solvent must be less costly, compatible with analytical instruments, and eco-friendly
[42]. To determine the most suitable solvent for the extraction of PCBs from soil samples,
two different solvents were used: acetonitrile and hexane in combination with water.
The original QUEChERS method used acetonitrile as the extract solvent, and many other
studies involved QUEChERS procedures [24]. Therefore, this solvent was chosen for use
in the present study as one of the solvents, while hexane was chosen as the other solvent
since it is commonly used to extract PCBs from soil [43], although it is less eco-friendly.
As shown in Fig. 5.4 (b), recovery rates of PCBs in the acetonitrile extraction were 85.53
%—102.72 %, showing better efficiency, the production of cleaner extracts, and overall
higher recoveries for PCBs than the hexane extraction. In this study, acetonitrile was
found to be the most suitable extraction solvent, as it extracts a lower amount of the

matrix, which is consistent with the findings of the previous study [44][31].

Furthermore, the volume of solvent used is critical for effective recovery, and there
should be enough solvent to allow the sample to be fully immersed and interact with the
analyte. Various amounts of acetonitrile, including 3, 5, 7, 10, and 15 ml were tested, and
it was found that 10 ml of acetonitrile yielded the highest peak intensity and recovery,
as depicted in Fig.5.4 (c). Acetonitrile is considered to be a more selective solvent and

produces a cleaner chromatogram compared to most other solvents used in the
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QUEChERS technique [45]. When compared to other solvents utilized in QUEChERS, ACN

separates from water more effectively in the presence of salts, producing good phase

separation, which inhibits polar matrix interaction [46].

Recovery (%)

Volume of water (ml)

Figure 5.4 (a) The effect of water addition on extraction efficiency for the target Aroclor
1254 at 10 ng/ml.
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Figure 5.4 (b) The effect of acetonitrile and hexane as extraction solvents for the target
Aroclor 1254 at 5 ng/ml and 10 ng/ml (n = 3).
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Figure 5.4 (c) The effects of different solvent volumes for the target Aroclor 1254 at 10
ng/ml (n = 3).
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5.4.2 Optimization of Physical Extraction Condition

In this study, the effects of shaking time, centrifuge time, and speed were optimized and
discussed. Several methods, including laboratory shakers, manual shakers, and vortexes,
have been commonly used to extract targets from the soil. However, due to the strong
binding characteristics of the soil, manual shaking for one minute, which was sufficient
for the analysis of pesticides in fruits and vegetables according to the original QUEChERS
method, resulted in lower recovery rates in this study. [24][47][48]. To compare the
efficacy of manual shaking and vortex extraction, various extraction times ranging from
1 to 6 minutes were evaluated. The results showed that the recovery obtained with
vortex extraction was higher than that obtained with manual shaking. Additionally, it was
found that increasing the intensity of shaking was beneficial in breaking the strong
interactions between analytes and matrix, resulting in improved extraction. Based on
these findings, vortex extraction was selected as the preferred method of extraction for
the targets from soil in this study. As shown in Fig. 5.5 (a), The optimal extraction time
for the removal of target PCBs from soil was found to be 4 minutes, and extending the

extraction time beyond this did not improve recovery rate.

There was a significant effect on centrifugation time and rate. In addition, different
extraction times (1, 5, and 10 min) and rates (1500, 4500, and 5000 rpm) were
investigated for 5 and 10 ng/ml concentration levels for PCB extraction. The results
shown in Fig.5.5 (b) indicate that excellent recovery of PCBs was achieved at 10 minutes,

which was chosen as the optimal centrifugation time. A centrifuge of 4500 rpom was

238



Chapter 5 Development of the QUEChERS Extraction and Comparison with GC-MS

found to be sufficient to obtain good recovery of PCBs (Fig.5.5 (c)). Using a centrifuge
facilitates increased contact between the solvent and the soil sample, which improves

dissolution of the analyte [49][50] and reduces the extraction time.

As part of the preparation of complex matrixes such as soil, a clean-up step was
necessary in order to reduce interference, improve quantification, and avoid disturbing
the signal on the chromatographic system [51]. In addition to traditional sorbents used
in the clean-up step of QUEChERS extraction from soil samples, C18 and PSA,
diatomaceous earth was also used as alternative sorbents [52] [53].; they were less
expensive and more eco-friendly than the traditional ones but have not been extensively
investigated in d-SPE [52]. As shown in Fig. 5.5 (d), the sorbent has different effects on
recovery and selectivity, and to achieve a satisfactory level of purification and recovery
of PCBs, the effects of sorbent types were evaluated. The PSA retains a wide range of
polar substances, including sugars, organic acids, and fatty acids. In addition, the
nonpolar adsorbent, C18, retains trace amounts of nonpolar co-extractives and is
capable of removing long chain fatty compounds and sterols from the extract. When PSA
is used in conjunction with C18, additional lipids and sterols can be removed [53].
Diatomaceous earth consists of natural silica (SiO2> ¢ nH20), with traces of metal oxides
of specific structures, and its proposed use is as a simple alternative material and an
environmentally friendly natural sorbent [54]. The use of diatomaceous earth improved
phase separation during QUEChERS extraction. Calculations of the differences between

spiked and blank soil samples were used to determine recovery rates.

239



Chapter 5 Development of the QUEChERS Extraction and Comparison with GC-MS

Ll . L) - Ll L Ll = Ll . Ll

100 - I ] —
| vortex

- --—-manual

©
(4]
1

©
o
|

[*]
0
|

80 -

Recovery (%)

- :
70 - -
o wme e -
= -
-——ia
-

- . - 4
o ® e
65 = )
e B ) -
- —
o ® =
E

60 T T T T T Ll

Shaking time (min)

Figure 5.5 (A) Effect of shaking: 4 min, 15 mL of acetonitrile/water (75%: 25%, v/v), 5 g
of soil, 4 g MgS04, 1 NaCl.
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Figure 5.5(B) Effect of speed: 10 min, 15 mL of acetonitrile/water (75%: 25%, v/v), 5
grams of soil, 4 grams MgS04, 1 NaCl.
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Figure 5.5 (C) Effect of centrifuge time: 4500 rpm, 15 mL of acetonitrile/water (75%: 25%,
v/v), 5 g of soil, 4 g MgS0a, 1 NaCl.
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Figure 5.5 (D) Comparison of recovery rates for different sorbents in the QUEChERS
extraction method (n = 3) The conditions for the experiment were: 5 grams of soil, 15 ml
of acetonitrile/water (75%: 25%, v/v), 4 grams of MgS0a, 1 gram of NaCl, 4500 rpm.
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5.4.3 Method validation

Under optimized extraction and clean-up conditions, we studied analytical parameters
such as selectivity, linearity, LOD, LOQ, precision, and recovery. In order to evaluate the
selectivity of the method, a blank sample was extracted by the optimized QUEChERS
method, and positive samples were confirmed by GC-MS (Fig.5.6 (a)). This confirms that
the method has good selectivity, as no peaks interfered with analyte retention time. A
standard calibration curve (Fig.5.6 (b)) has been prepared using concentrations ranging
from 0.31 to 10 ng/ml (0.31, 0.65, 1.25, 2.5, 5, 10 ng/ml) of Aroclor 1254 with a
coefficient of determination R% of 0.9933; the linear regression equation fit is shown as
(Y =38098(x) - 26023). The limit of detection (LOD) and limit of quantification (LOQ) were
calculated based on three and ten times the standard deviation, respectively. The LOD
value was 1.9 ng/ml and the LOQ value was 5.7 ng/ml, which indicated good sensitivity

of this method.
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Figure 5.6 (a) GC analysis for the blank sample. (b) GC-MS calibration curve for standard
Aroclor 1254,
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5.4.4. Analysis of Aroclor 1254 in spiked soil samples (recovery and
precision)

The validation of a method is crucial to ensure that the results obtained are accurate and
reliable. In the case of analysing Aroclor 1254 in soil samples, sample spikes were used
to improve the validation of the method. Two different levels of Aroclor 1254 standard
solution were spiked into the soil samples at 5 and 10 pg/kg levels. The spiked samples
were run in triplicate to evaluate the precision and repeatability of the assay. The RSD%
was used to determine the precision, which was evaluated using two parameters: intra-
day (repeatability) and inter-day precision. Repeatability was assessed by analysing three
replicates of soil samples spiked at two levels (5 and 10 pg/kg) on the same day, while
inter-day precision was determined by analysing samples on three different days over a

period of two weeks.

The results of the analysis showed that the recovery of Aroclor 1254 from soil samples
ranged from 95.3% to 103.2%, indicating the accuracy of the method. The RSD for inter-
day precision ranged from 3.6 % to 5.8 %, while that for intra-day precision ranged from
2.1 % to 4 %, indicating the repeatability of the method. The developed modified
QUECHERS method was compared with other recent studies in the literature, as
demonstrated in Table 5.1. The present work shows great recovery value due to the use
of different extraction solvents, which has a significant impact on the level of PCBs
extraction from soil. Additionally, the comparison for blank (in black) and soil sample (in
red) for 10 pg/kg and 5 pg/kg concentration are presented in Figure 5.7, which further

supports the accuracy and reliability of the modified QUEChERS and GC-MS methods for
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analysing Aroclor 1254 in soil samples. These findings are important for environmental
studies and risk assessments, as accurate analysis of pollutants in soil is necessary for

identifying potential risks and implementing effective mitigation strategies.
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Figure 5.7 (a) GC/MS Total ion chromatogram of Aroclor 1254 (red line) and the blank
(black line) for 10 ug /kg soil sample after QUEChERS extraction. (b) GC/MS Total ion
chromatogram of Aroclor 1254 (red line) and the blank (black line) for 5 ug /kg soil sample

after QUEChERS extraction.
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Table 5.1 Comparison of the present study with other studies. For the present work

recovery and RSD was included at different Aroclor 1254 concentrations in soil samples

(n=3).
Added Intra-day Inter-day Recovery
Sample Extraction Reference
(ng/kg) (RSD%) (RSD%) (%)
water acetonitrile 8 (ug/L) 90 - 95% [242]
215 % -—-
shrimp water/ MeCN" 1,5,10 70-115% [243]
>20% -—-
water/ Ace/Hex*
sediment or 50 >15% 76-131% [244]
water/Ace/DCM*
Water/ Present
Soil
acetonitrile 5 4 5.8 103.2% work
water Present
Soil 10 2.1 3.6 95.3%
/acetonitrile work

* MeCN (Acetonitrile), Ace (Acetone), Hex (Hexane), DCM (Dichloromethane).
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5.5 Comparative summary of the different assay procedures used on
SPGEs with optical and GC-MS

PCBs are found in various forms and concentrations in environmental regions, including water,
air, and soil. As a result, there is a requirement to employ varied analytical methods depending
on each particular case. Currently, Widely utilized traditional analytical methods for detecting
PCBs involve the use of Gas Chromatography-Mass Spectrometry (GC-MS) and high-performance
liguid chromatography (HPLC) with fluorescence detection[10,11].Many advantages are
associated with the use of these Conventional analytical methods, such as accuracy, sensitivity
and reliability .

Nevertheless, these methods have some limitations. One such disadvantage is including the fact
that potential for high-risk loss of analytes during sample separation. Furthermore, these
Techniques require the use of an extensive amount of harmful organic solvents [57]. This presents
a concern due to its dual impact of increases costs and causing environmental contamination.
The loss of analytes constitutes a significant source of low-quality analytical data for PCBs due to
separation, pre-treatment, and sampling of analytes, These processes introduce errors that are
unrelated to the final quantification step. Moreover, The use of these methods makes the
approach of sample analysis, preparation, and quantification Extremely time-consuming and

tedious[58].

In recent times, immunosensor techniques have become more popular to use instead of
traditional techniques due to their numerous advantages and to overcome the limitations of GC-
MS instruments. Therefore, immunosensor methods provide fast response times, on field

measurement, requires only small volumes of sample and miniaturization.
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The electrochemical immunosensor showed a good performance with a 3-fold decrease in
sensitivity achieved after the surface modification. For the label free electrochemical showed
good sensitivity and it was reducing the time of analysis to less than two hours by avoiding using
labelled step. Many different tests and experiments could not be performed due to time
limitations. We can improve and increase the sensitivity by modified the electrode using
nanoparticles, such as gold nanoparticles (GNPs), to enhance the sensitivity and
performance of the individual sensor measurements. Table 5.2 shows the comparison of
optical and electrochemical immunosensors with GC-MS. As previously mentioned, the
chromatographic techniques could detect at very low concentrations of PCBs.

Overall, the promising performance of the developed electrochemical immunosensors could
satisfy the need for excellent biosensors. However, these developed immunosensors will not

replace existing laboratory techniques, but will rather complement them.

Table 5.2 Comparison of optical and electrochemical immunosensors performance with
GC-MS.

Detection Support Material for LOD Linear Rang (ng/ml) R?
immunoreaction
Optical 96 well Hydrophobic 0.44 ng/ml 0.58 to 56 ng/ml 0.962
plate polystyrene
Electrochemical | SPE Directongold | 0.20 ng/ml | 0.304 to 220 ng/ml 0.96
bare electrode
Electrochemical SPE 11-MUA 0.09 ng/ml 0.1 to 220 ng/ml 0.99
Modified Sensor
Label Free SPE 11-MUA 0.11 ng/ml | 0.011 to 220 ng/ml 0.99
Electrochemical Modified Sensor
(DVP)
Label Free SPE 11-MUA 0.91 ng/ml | 0.011 to 220 ng/ml 0.98
Electrochemical Modified Sensor
(EIS)
GC-MS 1.9 ng/ml 1-10ng/ml | -
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5.6 Conclusion

In this study, we have utilized a modified QUEChERS method, combined with GC-MS
analysis, to analyze Aroclor 1254 in soil samples. This novel method has several
advantages over traditional techniques, including its simplicity, cost-effectiveness, eco-
friendliness, and minimal solvent extraction. We have modified the sample pre-
treatment procedure by incorporating vortex shaking, a mixed solvent (either
acetonitrile/water or hexane/water), and three adsorbents (PSA, C18, and diatomaceous
earth) for the cleaning process. We have found that the best results were obtained when
water/acetonitrile and diatomaceous earth were used. The method demonstrated
excellent accuracy, linearity, LOD, LOQ, intra-day precision, and inter-day precision.
Specifically, the recovery was in the range of 95.3-103.2 %, correlation coefficients were
higher than 0.98, the limit of detection (LOD) was 1.9 pg/kg, and the limit of
quantification (LOQ) was 5.7 ug/kg, intra-day precision varied between 2.1 % and 4 %,

and inter-day precision was between 3.6 % and 5.8 %.

This optimized method offers several advantages over traditional techniques, including
a reduction in overall analysis time, avoidance of the use of large levels of non-eco-
friendly solvents, increased sensitivity, rapid results, and a reduction in the consumption
of organic reagents. Compared to other common extraction methods, this streamlined
procedure offers an efficient and effective technique for monitoring PCBs in the
environment. Moreover, this technique has the potential to be applied to a wider range
of sample types and applications, making it an even more valuable tool for

environmental monitoring. Overall, the study provides a significant contribution to the
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field of analytical chemistry and environmental science, demonstrating a novel and

effective method for analysing Aroclor 1254 in soil samples.

The development electrochemical immunosensor showed a good sensitivity compared
to optical immunosensors. The modified gold surface showed a 3-fold increase in
sensitivity compared to the bare gold electrode. However, chromatographic techniques
such as GC-MS seemed to be more promising in terms of high sensitivity, as they can
detect to sub part per trillion level. As already mentioned earlier, this sensor was

developed to screen and monitor the presence of PCBs, on the basis of “YES” or “NO”.
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6.1. Conclusion

Concern for environmental pollution of PCBs has led to the development of new
technologies to find better solutions to monitor this problem more effectively. The
mixture of PCBs usually forms in similar molecules, which make it difficult to detect.
Extensive research has been performed in the areas of PCBs extraction, separation, and

specific detection.

For the last few decades, researchers have made progress with various techniques of
detection, depending on the properties of the substances to be measured, such as the
level of concentration, physicochemical properties, etc. They are mainly focused on
analytical based chromatographic methods, either gas or liquid chromatography, in
combination with different detectors, namely flame ionisation, electron capture, mass
spectrometry, fluorescence and UV spectrophotometry, however, these techniques rely
on expensive laboratory-based instrument with often additional extra cost needed to
perform the analysis. Also, they are not suited to in-field measurements and online Soil

monitoring.

Another proposed alternative for PCBs determination in soil monitoring is by using an
immunoassay technique, which is designed to detect specific chemicals by measuring
chemicals response to specific antibodies. This technique has been widely used in the
field of clinical science. Recent development however has seen it is application extended
to areas such as food science, health screening, determination of pollutants in the
environment and for illicit drug detection. in comparison with other immunoassay
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detection methods, electrochemical enzyme immunoassay offers the advantages of
sensitivity and low detection limit. Moreover, this technique introduced the miniaturised
device that allows for simple and low-cost instrumentation with only small sample

volume required.

In this thesis, we have developed a novel electrochemical immunosensor based on
screen-printed gold electrodes as an analytical tool for the analysis and monitoring of
PCBs in environmental applications. An integrated electrode of a three-electrode system
consisting of gold as the working electrode, gold as the counter electrode and an Ag/AgCl
reference electrode was utilized. This system provides fast response times, on field
measurement and requires only small volumes of sample. Modification of the gold
electrode surface could enhance the binding of the antigen to an antibody, thus
improving the sensitivity of the sensor towards PCBs. Analysis on real sample was
conducted using this immunosensor format. optimisation studies on different assay
components were conducted in order to achieve the optimal concentration and

conditions for a maximum antibody-antigen binding.
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The purpose of this thesis is to present, for the first time to our knowledge, the
development of a novel electrochemical immunosensor based on self-assembled
monolayer SAMs for enhanced sensitivity in the detection of PCBs in environmental
samples. An important aspect in a biosensor development is to attach the biological
elements to the surface of the sensor. in order to enhance the sensitivity of the
developed biosensors, the gold working electrode was modified with the 11-MUA SAM.
Activation of water soluble carbodiimide was performed using EDC and NHS before the
protein immobilisation. The performance of 11-MUA SAM in ethanolic solution has been
demonstrated as a result to improve the binding of the protein towards the gold surface
for the detection of Aroclor 1254 in the soil samples. Characterisation of the SAM
formation on the gold electrode was performed using cyclic Voltammetry (CV),
electrochemical impedance spectroscopy (EIS) and contact angle measurement.
Impedance measurements were carried out at a potential of +0.21 V versus Ag/AgCl with
0.1 V amplitude, in the frequency range of 0.1 Hz to 1 MHz. The results confirmed that
with the presence of SAM on the gold electrode, the binding of antibodies to the surface
was improved and thus sensitivity of the sensor increased. the detection limit of the
modified gold electrode using voltammetric measurement was found at 0.09 ng/ml and
was more sensitive compared to unmodified bare gold electrode with 0.20 ng/ml, which
increased in 3-folds sensitivity. As a result of this chapter, we have been able to answer
the key research question, can we provide a robust method that is easily adopted for on-
site analysis? Yes, we have done this by developing our method. Also, can we improve

the limit of detection and the sensitivity for the detection of PCBs in soil? Yes, we have
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done this by modifying the electrode. The sensitivity increased and the limit of detection

decreased as described above.

To simplify the assay procedure and reduce overall costs and time, in this research we
developed a label-free immunosensor solution for PCB determination. Additionally, it
increases sensitivity and allows for real-time monitoring. The similar modification and
method we used previously but without label. indirect competitive electrochemical
immunosensor was first developed with a PCB-BSA conjugate. It has been successfully
immobilized on an 11-mercaptoundecanoic acid (11-MUA)-modified gold electrode via a
carbodiimide-coupling reaction using cross-linking 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) and N-hydroxy succinimide (NHS) on the electrode surface. The
immunosensor was investigated by cyclic voltammetry (CV), impedance spectroscopy
(EIS) and differential pulse voltammetry (DPV) in a standard solution of [Fe (CN)6]3/4". A
linear range was 0.011-220 ng/mL for both (DPV) and (EIS) and a limit of detection (LOD)
of 0.11 ng/ml and 0.91 ng/ml for PCBs detection were achieved by the developed
immunosensor respectively. The proposed immunosensor has good sensitivity, stability
and it can prove to be an adequate real-time monitoring solution for PCBs in soil samples
or other samples. Using label-free method would also reduce the steps required for
immunoassay testing in the field. As a result of this chapter, we were able to answer our
key research question about is it possible to develop a portable electrochemical
immunosensor for the detection of PCBs in the environment on-site? A potential future

application of this method is the ability to integrate it into portable devices.
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In the future, thisimmunosensor could be incorporated into a portable device to perform
measurements in the field in real time. Hence, incorporating an organic-pollutant-
monitoring platform into portable lab-on-a-chip technology would be a useful way to

avoid costly and inefficient sample analysis in specialized laboratories.

To validate the developed immunosensor, chromatographic techniques-based, gas
chromatography-mass spectrometry was performed for detection of PCBs in real Soil
samples. Chromatographic technique is one of the promising traditional techniques for
determination of PCBs in various sample matrices. Using GC-MS, a low detection limit
was achieved for (Aroclor 1254) (1.9) ng/ml. Beside the validation we developed here
the extraction method by using the QUEChERS (quick, easy, cheap, effective, rugged, and
safe) method, and we found it more effectively for PCBs extracted from soil. Different
related parameters were compared and optimized. As the extraction solvent,
acetonitrile/water produced the best results, and as the dispersive solid-phase
extraction sorbent, diatomaceous earth produced the best results. Procedures allowed
recovery values between 95.3% and 103.2%. It was demonstrated that the method was

simple, sensitive, efficient, and environmentally friendly when applied to soil samples.
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6.2. Future work

This thesis developed a novel electrochemical immunosensor based on self-assembled
monolayers. In future work, it may be possible to study how the assays developed in this
thesis can be integrated into a lab-on-chip system. The following sections discuss

different approaches.

One of the first potential areas for future study is sensor fabrication can be improved,
using a novel material, such as nanomaterials, graphene, or quantum dots. These
materials offer improved sensitivity, selectivity, and stability. These advanced materials
can be incorporated into sensor structures to enhance their performance and enable

detection of analytes at lower concentrations as shown in figure 6.1 [2][3].
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Figure 6.1 Schematic view of analytical methods over various electrochemical methods

for SMX detection towards nanomaterial interfacial aspects [4].
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Another potential area could be improved instead of use antibodies as biorecognition
elements in electrochemical immunosensors, exploration of new biorecognition
elements such as aptamers, peptides, and proteins could provide better specificity and

sensitivity[5][6]. By doing so, both time and expenditure can be reduced.

Another area of improvement lies in manufacturing techniques advancement.
Techniques like additive manufacturing (3D printing) and micro/nanofabrication
technologies allow for the production of complex sensor structures with high precision
and miniaturization. These techniques enable the integration of multiple sensing

elements, increase sensor functionality, and reduce fabrication costs [7][8].
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Furthermore, the integration of electrochemical immunosensors with smartphone
technology can make the method more accessible and user-friendly[9][10].Since

smartphones already contain the technology required to analyze and communicate results, they
are an excellent option for portable electrochemical analyses. A customized attachment is then

added to the phone so that electrochemical detection can be performed [11]. Future research
could focus on developing electrochemical immunosensors that can be connected to

smartphones and provide real-time measurements and analysis.
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Figure 6.3 Applications of smartphone-based wireless electrochemical sensors.
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The development of electrochemical biosensors based on such small chips could provide
a number of advantages over conventional devices in terms of analytical performance;
however, their greatest advantage would be their ability to work with small volumes of
biomolecules and small volumes of sample, both of which could prove to be critical.
Moreover, the miniaturization of the three-electrode system on a chip provides a

platform with a dedicated connector that is easy to use.

In addition, the integration of the immunosensors to a micro fluidic platform using online
voltammetric measurements or similar electrochemical approaches capable of
controlling sample and substrate movement will progress the work further towards
becoming a commercial product and promise to be an important area of research in

years to come.
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College Cork) (Attendee).

LSI day, Tyndall, cork 2020 (Tyndall National Institute — Cork).

273



Chapter 6 General conclusions and future

Environ 2021 - 31st Annual Irish Environmental Researchers Colloquium

(University College Cork).

School of chemistry postgraduate research day ,2021 (University College Cork).
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e Schools Analyst Competition May 2019

e Cork Carnival of Science, Cork, Ireland, 2019

e Demonstration for undergraduate & master’s degree (S1/52) 2019

e 4 outreaches at Tyndall 2019

e Demonstration for Final Year Chemistry Student Projects,2020

e Demonstration for undergraduate & master’s degree (S1/52) 2021

e Cork Carnival of Science, Cork, Ireland, 2022

e Demonstration for Final Year Forensic Student Projects,2022

e Primary Science Quiz 2022

e Demonstration for undergraduate & master’s degree (S1/52) 2022

A.6 Modules

e PG6001 - STEPS Scientific Training for Enhanced PG Studies (2019)

e PG6009 - Graduate Information Literacy Skills (2019)

e (CM6007- Teaching & demonstrating skills (2019)

e ST6013 - Statistics and Data Analysis for Postgraduate (2019)
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A.7 Workshops

How to Plan Your PhD, 21 Feb 2019, Brookfield Health Science building, UCC,
Cork, Ireland. This workshop helped me a lot in planning my PhD project. It gave
me an idea how to set daily, monthly, and mid-term objectives to meet the annual

aims.

The Seven Secrets of Highly Successful Research Students,21 Feb 2019, Brookfield
Health Science building, UCC, Cork, Ireland. This workshop clarified the steps of

presenting the lab report to a publishingpaper.

Presenting your Research with Confidence ,,22 Feb 2019, Brookfield Health
Science building, UCC, Cork, Ireland. This workshop clarified the steps of

presenting the lab report to a publishingpaper.

PhD Workshop: Turbocharge your writing and scientific writing ,22nd Feb 2019,
Brookfield Health Science building, UCC, Cork, Ireland. This workshop let me

recognise the small details in writing my PhD thesis.
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e webinar about electrochemical, enzymatic biosensors, palmsens (Amsterdam,

Netherlands) (2019).
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Abstract: Polychlorinated biphenyls (PCBs) are a highly toxic family of synthetic chemical com-
pounds. PCBs are widely spread in the environment and their toxicity can cause serious ailments
to living organisms such as cancer; therefore, developing a device for the detection of PCBs in the
environment is significant. In this paper, polyclonal primary anti-PCB antibodies were immobilized
onto a gold screen-printed electrode with the purpose of creating an electrochemical immunosensor
for the detection of Aroclor 1254. It was modified with 11-mercaptoundecanoic acid (11-MUA)
and the activation of the carboxylic acid terminal was performed by cross-linking 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) and N-hyrodsuccinmide (NHS) on the electrode surface.
Cyclic voltammetry, electrochemical impedance spectroscopy (EIS), linear sweep voltammetry, atomic
force microscopy (AFM), scanning electron microscopy (SEM), and contact angle measurement were
employed to characterize SAM development on the gold electrode. Using a competitive assay, a
0.09 ng/ mL 1! limit of detection and a linear range of 0.101-220 ng/ mL ! were determined. The
self-assembled monolayers (SAM) were successful in encapsulating the PCBs on the immunosensor.
The electrochemical detection showed better resolution when compared to traditional methods such
as the ELISA optical technique. The novel electrochemical immunosensor approach that is discussed
in this paper has the potential to offer rapid sample screening in a portable, disposable format and
could contribute to the effective control and prevention of PCBs in the environment.

Keywords: polychlorinated biphenyls; disposable screen-printed gold electrode; linear sweep voltam-
metry; immunosensors; immunoassays; self-assembled monolayers

1. Introduction

Polychlorinated biphenyls (PCBs) are a family of artificial organic compounds with
two to ten chlorine atoms attached to the biphenyl [1,2]. Since 1929, PCBs have been
commercially manufactured under the trade name Aroclor. Aroclor consists of a combina-
tion of chlorinated biphenyls, including over 100 different unique PCBs. Congeners are
defined and numbered according to the total amount of chlorine in the mixture [3]. Aroclor
1254 (C1,H5Cl5) is one of the commercial products, and it is a viscous, light-yellow liquid
with an average molecular weight of 328, containing approximately 21% C1,HCly, 48%
C1,H5Cl5, 23% C1,H4Clg, and 6% C1,H3Cl; with an average chlorine content of 54% [4].
Figure 1 shows the structure of Arcolor 1254.

These compounds have been used as plasticizers, surface coatings, inks, additives
for insulating liquids, pesticides, and lubricants [5,6], all of which have contaminated the
environment. Further contamination may result from the disposal of obsolete electrical
equipment containing PCBs, as well as leaks from industrial sites. Furthermore, PCBs have
significant teratogenic, carcinogenic, and mutagenic impacts on the human body. PCBs are
persistent in the environment and until today a large proportion of PCBs are still present
in old transformers and power capacitors, which have the potential to be released into
the environment. PCB congeners also enhance the degree of structural uniformity and
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chlorination increases. Lastly, the PCBs high stability and lipophilicity nature resulted in
them being widely distributed in the world ecosystem. PCBs occur in all environments
matrixes and can be found in a variety of environmental media (water, atmosphere, soil,
sediment, and creatures) [7-10]. These chemicals have become a significant danger to the
environment and the health and safety of humans. All of these facts make the development
of an effective and economical testing method for PCBs very important [11,12].

@ @
N_/ N\_/

(ch)— —

Figure 1. Structure of Arcolor 1254.

The methods used to determine PCBs so far are: tandem mass spectrometry [13,14],
bioanalytical techniques [15], and spectral analysis [16]. These methods, although sensitive,
are generally time-consuming and expensive and typically require sample preparation be-
fore the chromatographic separation [17,18]. On the other hand, electrochemical techniques
have been utilized in a variety of prospective applications and environmental research due
to their relative advantages, such as low costs, easy operation, and fast response.

Only a few papers have been published to date that are based on electrochemical
immunosensors for PCBs [19,20]. All of these have used modified materials to enhance the
immobilization of antibodies, such as nanoparticles [19,21-23], self-assembled monolayers
(SAM), including [24,25] cysteamine [26] and 11-mercaptoundecanoic acid (11-MUA) [24].

SAM is typically formed by activating the carboxylic acid groups with [1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide] (EDC) in conjunction with N-hydroxy succinimide
(NHS) before protein immobilization through the use of an alkylthiol reaction [27]. This
reaction decreases the random orientation of the antibodies that bind the surface proteins
to the carboxylic acid end-groups enhancing the immunosensor sensitivity and selectiv-
ity [24,28]. Research has shown that SAM forms better on a gold surface [29-31] as the
gold strongly absorbs the protein molecules and creates a hydrophobic interaction through
the strong S—Au bonds [32,33]. This facilitates the immobilization of the desired protein
on the specific target area and limits non-specific binding [34]. Electrode surfaces provide
no sites for covalent bonding, making it necessary to coat a thin film of functional groups
to covalently bond with the amino groups of the used antibodies [35]. In this research
paper, the anti-PCB were compounded onto the chip (made of the gold sensor) by covalent
coupling technique and with the aid of [1-ethyl-3-(3-dimethylamino propyl) carbodiimide]
(EDC) in collaboration with NHS N-hydroxy succinimide [36,37]. Figure 2 illustrates the
fabrication of an immunosensor in a gold electrode with 11-MUA SAM, as well as its
activation by EDC/NHS. The desired protein and antigen are then presented.

The indirect competitive assay using (alkaline phosphate) AP as an enzymatic label
was used. A bovine albumin (BSA) conjugate, BSA-PCB was the basis for the PCB im-
mobilization procedure. After the experiment, the amount of anti-PCB that reacted with
immobilized PCB was determined using a secondary antibody with alkaline phosphate, la-
beled p-aminophenyl phosphate (pAPP), which detected the presence of alkaline phosphate.
Liner sweep volumetry was used as the electrochemical detection technique. A number
of characterization methods were reported including contact angle measurement, cyclic
voltammetry, impedance measurement, SEM, and AFM. To the best of our knowledge, this
is the first study to investigate the SAM modified on gold electrodes with PCBs compounds.
The measurement of the electrochemical detection for the biochip was achieved via detec-
tion of the quantity of antibodies that react with the target Aroclor 1254 compound. The
assay was then compared with the traditional optical method (ELISA).
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Figure 2. The graphic depicts the synthesis of SAM from 11-MUA on a gold electrode in combination
with antibody immobilization. (Note abbreviations were included in Appendix A).

2. Materials and Methods
2.1. Reagents and Chemicals

Polyclonal chicken antibody (IgY) specific to PCB, alkaline phosphatase (AP) labeled
goat anti-chicken (IgY) antibodies were bought from GmbH (Heidelberg, Germany). Aro-
clor 1254 and PCB were bought from (Cole-Parmer Instrument Company Ltd., Eaton Socon,
Saint Neots, UK). A total of 2 mg of PCB-BSA conjugate (Aroclor 1254) was bought from
(BioTeZ Berlin-Buch GmbH (Heidelberg, Germany)). p-nitrophenyl phosphate (pNPP) sub-
strate, diethanolamine reagent (DEA) phosphate-buffered saline (PBS), sodium hydrogen
carbonate, sodium chloride, Tween-20, tris (hydroxymethyl) aminomethane, potassium
chloride (KCl) and bovine serum albumin (BSA) were bought from Sigma (Dublin, Ireland).
To adjust pH, hydrochloric acid (HCl) 37%, sodium hydroxide, ammonium hydroxide
solution and sodium cyanoborohydride (NaCNBH4) were bought from Sigma (Dublin,
Ireland). 11-mercaptoundecanoic acid (11-MUA), 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide (EDC), NHS, potassium ferricyanide (Ks[Fe(CN)s]), potassium ferrocyanide
(K5[Fe(CN)g]), acetone, 1-isopropyl alcohol, ethanol, and alkaline phosphatase (AP) were
also bought from Sigma (Dublin, Ireland). For the electrochemical tests, the substrate was
p-aminophenyl phosphate (pAPP) salt, which was bought from Sigma (Dublin, Ireland).
Disposable electrochemical screen-printed gold electrodes (AuE), model C220 BT, were
purchased from (Drop Sens, Asturias, Spain). To ensure optimal detection, a standard
96 well ELISA microplate was bought from Greiner bio-one (Frickenhausen, Germany).
All other reagents were analytical grade or higher, with daily buffer solutions made using
nanopore water (18.2 mQ)-cm).

2.2. Equipment and Instrumentation

Optical detection was carried out using the EL Read 2000 microplate reader was pro-
vided by biochrom.co.UK. Incubation was made possible using a Biometra OV3 Incubator
(Gottingen, Germany), which was set at 37 °C. Cyclic voltammetry was recorded using
a PalmSens handheld potentiostat (Palm Instrument BV Houten, Houten, The Nether-
lands). Impedance measurements were performed in a faraday cage with minimal noise
using a CHI potentiostat 1100/620B (CH Instruments Inc., Austin, TX, USA). The removal
of the surface organic molecules was achieved using a plasma cleaner (Harrick Plasma
Ithaca, New York, NY, USA). A nitrogen spray gun facilitated the drying of SPEs between
measurements using the Contact Angle Instrument (OCA) by Data Physics Instruments
GmbH (Filderstadt, Germany). SEM measurements were carried out on an FEI Quanta 650
Scanning electron microscope (FEI Company, Hillsboro, OR, USA). AFM measurements
were carried out using “SCANASYST-AIR” by Bruker AFM Probes (Bruker AFM Probes,
Camarillo, CA, USA). Specificity (Cross-Reactivity) obtained using a PalmSens handheld
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potentiostat (Palm Instrument BV Houten, Houten, The Netherlands) and Data obtained
from Origin Pro 8.5.1 software. Measurements were taken at room temperature between
—0.2 and 0.6 V in [Fe (CN)¢]>~/% and 0.1 M of KCl solution with a scan rate of 50 mV-s 1.

2.3. Modification of Gold SPE with SAM (LSV)

In order to prepare self-assembled monolayers (SAM) on the gold working electrodes,
solutions of 5 mM 11-mercaptoundecanoic acid (11-MUA) were separately prepared in
absolute ethanol (N2 bubbled for 30 min to eliminate the presence of oxygen) [38—40].
The gold electrodes were immersed in the SAM solution for 20 h at room temperature.
Upon removing the biochips from the solution, the electrodes were rinsed thoroughly with
absolute ethanol to remove any unbound molecules. They were then dried with N,. To
activate the carboxylic terminal end after SAM formation, the electrodes were immersed in
a solution of 50 mM EDC and NHS for 1 h and were rinsed with deionized water and dried
with Ny. CVs were carried out in 5 mM [Fe (CN)g]>~/#~ and 0.1 M of KCl solution, and the
potential that was applied was in the range (—0.2 to 0.6 V) [34,35]. The scan rate applied
was 50 mV-s~!. Figure 3 shows the steps involved in the formation of self-assembled
monolayers on the gold electrodes. Immobilization of protein on the gold surface after
the activation of EDC/NHS was performed by incubating 5 ug mL~! of BSA-Aroclor
1254 coating conjugate at 37 °C for 1 h.

Bare SPE 11-MUA-SAM/SPE 11-MUA-SAM/EDC/NHS/SPE

Step1 Step 2 Step 3

Clean the electrode, Immobilise 11-MUA Add EDC/NIIS solution
conditionit and then with the electrode for and modified the

add 11-MUA solution 20 h and condition it. electrode.

Figure 3. The steps involved in the formation of self-assembled monolayers on the gold electrode.

2.4. Topography Characterization
2.4.1. Contact Angle Measurement

The sessile drop contact angle method was utilized to evaluate the surface hydropho-
bicity of the SAM substrates. A 1 pL drop of deionized water was supplied to the surface
of the gold electrodes at a medium rate of 1 uL per second. Measurements were repeated
on each electrode for three drops.

2.4.2. Scanning Electron Microscopy (SEM)

SEM measurements at the surface of the bare gold electrode were observed using a
FEI Quanta 650 Scanning electron microscope (SEM). The SEM was coated and imaged at
%100 magnification for clean bare AuE and SAM-modified AuE. These were observed and
compared before and after the modification.

2.4.3. Atomic Force Microscopy (AFM)

The experiments were performed using an atomic force microscope (Bruker AFM
Probes, Camarillo, CA, USA), which used “scanasyst-Air” as its measurement mode. The
force constant of the scanasyst-Air was 2 N/m. The frequency used for the tapping mode
was 95 £ 45 kHz with a scan size of 0.5 um. For the purposes of comparison, three
scans were taken per sample. Data acquisition was performed using NanoScope Analysis
1.9 software.
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2.5. Electrochemichal Characterization
2.5.1. Stability Study of the Coated Electrodes

A stability study was performed on the coated BSA-Aroclor 1254 coating conjugate on
the gold electrodes by immobilizing the electrodes with a few layers of the assay compo-
nents, which is similar to the steps mentioned in Section 2.6. Using an Indirect Competitive
Assay, the gold electrode was coated with 5 ug mL~! of BSA-Aroclor 1254 coating conjugate
overnight and kept at a temperature of 4 °C. The next morning the electrodes were washed,
dried, and placed in a blocking solution (BSA-tris buffer) for one hour. The electrodes were
then rinsed with a washing buffer and nonpure water. The biochips were stored dry at
4 °C for further use. A complete capture assay test was performed on three electrodes daily
for 10 days using LSV.

2.5.2. Cyclic Voltammetry (CV)

CV was performed in 0.1 M KCl with a 5 mM ferri/ferrocyanide redox pair with
an applied voltage ranging from —0.2 to +0.6 V. The scan rate was set at 0.05 V s~1. In
this experiment, screen-printed electrodes (SPEs) were utilized. The gold electrode had a
working area of 4 mm. The Ag/AgCl reference electrode was used to refer to all potentials
reported in this study.

2.5.3. Impedance Measurement

A frequency response analysis (FRA) was utilized to apply a modest amplitude
AC signal to the biochip for impedance measurements. The impedance behavior of the
electrode was evaluated by analyzing the AC voltage and current response at frequencies
ranging from 0.1 Hz to 1 MHz. The measurements were performed in the presence of a
5 mM redox probe [Fe (CN)g]*>~/4~ in 0.1 M KCl at an applied potential of +0.2 V and an
amplitude of 0.1 V.

2.5.4. Amperometric Detection

PalmSens (Palm Instrument BV Houten, Houten, The Netherlands). was used to carry
out the amperometric detection using a portable potentiostat. Before each measurement, a
coating was applied to the chips with layers of a biocomponent assay, which was stored in
14,000 uL DEA buffer with pH 9.5 and at a temperature of 4 °C. The aim of this was to pre-
vent loss of activity of the antibodies. The detection was carried out on the coated electrode
using the AP as the labeled enzyme and the pAPP as the substrate. The measurement was
set to 60 s, and the potential was applied at 450 mV versus Ag/AgCl. The measurement
of the current was taken to acquire stability in the baseline. At 45 s, 100 uL of pAPP was
injected into the working electrode. The final concentration of the pAPP in the buffer was
5 ug mL~!. The increase in the current was taken as the data signal for evaluation. As
pAPP is sensitive to light and moisture, the solution was made daily.

2.5.5. Specificity (Cross-Reactivity)

The specificity was determined by testing the cross-reactivity (CR) of the antibody with
a variety of Aroclors. The reaction was carried out using liner sweep voltammetry (LSV)
by adding these compounds (instead of Aroclor 1254 in the respective assays) at 11 serial
dilutions, using the same concentration range (0.01 to 660 ng mL ') that was used to detect
the target (Aroclor 1254). The CR values can be calculated using the following formula:

cross — reactivity (%) = 1C50 of Aroclor 1254 x 100
ty (7o) = IC50 of other compounds

2.6. Indirect Competitive Assay

Indirect competitive assay was applied by ELISA or by linear sweep voltammetry.
Immobilization of antibodies was carried out directly on microwell plates or on the clean
electrode surface to enhance the maximum signal. The immobilization of biocomponents
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was performed on the working electrode and wells. A total of 100 uL or 10 puL of the
coating antigen BSA-Aroclor1254 (5 pg mL~1) (pH 7.4) was added to microwell plates or
electrode surfaces and incubated overnight at 4 °C. The microwell plates or electrodes
surfaces were then washed three times with 0.05 M Tris, pH 7.4 (0.05% Tween 20) and
blocked with 1% BSA-Tris Solution (0.05 M Tris-HCI) for 30 min at 37 °C. After incubation,
the microwell plates or electrode surface was washed three times to remove any unbound
coating conjugate. For the competition step, the serial dilution of Aroclor 1254 PCB was
mixed with polyclonal chicken antibody (IgY) specific to PCB with concentrations of
0.465 ng/mL~! or 0.123 pg/mL~! used for ELISA or linear sweep voltammetry. The
mixture was left to incubate for 15 min. A volume of 100 or 10 uL. was introduced to the
microwell plates or electrode surface. The microwell plates and electrode surfaces were
allowed to bind for 1 h at 37 °C. To standardize the assay, a 1/5000 dilution of commercially
available (AP) labeled goat anti-chicken (IgY) antibodies was prepared, and 100 or 10 pL of
the solution was added to the microwell plates or electrode surfaces and allowed to react for
1 h or 30 min at 37 °C. After washing, 100 or 10 uL of the substrate solution pNPP or pAPP
diluted in DEA buffer (pH 9.5, 1 mg mL~!) was added to surfaces. The electrochemical
substrates were incubated, and measurements were taken using the PalmSens potentiostat.

2.7. Real Sample

The analysis was carried out in a river water sample were collected from River Lee
(Cork, Ireland) in April 2020, and the tap water was taken from Kane Building (chemistry
department)—UCC (University College Cork). To protect the water samples from contami-
nants, glass vessels with Teflon caps were used for storage. Immediately after collecting
the samples, they were diluted with equal amounts of methanol to prevent losses to the
polystyrene tubes or the glass containments. To remove all the suspended materials in the
sample, 0.45 um filter aid materials were used before testing. The water samples used in
this experiment contained 50% methanol. the final assay result was multiplied by a factor
of 2 [41]. For the highly contaminated samples, those outside the assay’s calibration range
were further diluted and analyzed.

3. Results
3.1. Topography Characterization

In order to study SAM behavior, a characterization of the monolayer on the gold
electrode was carried out using contact angle, SEM and AFM. The contact angle data
showed significant variations in hydrophobicity /hydrophilicity when the substrate was
modified. The gold immobilized SAM electrode was tested using contact angles for
structural information about the modified surface, as shown in Figure 4A,B. SEM and AFM
are complementary techniques in assessing SAM formation. SAMs are usually smooth,
structurally ordered and chemically defined at the microscopic scale [42]. Therefore, they
are ideal for SEM and AFM measurements. Comparisons were made before and after SAM
and protein immobilization was performed on the same gold surface. Furthermore, the
interaction between SAM and proteins immobilized on the gold electrode was examined.
The bare gold and the modified electrode images were taken at x100 magnification using
SEM corresponding to the various stacks, as shown in Figure 4C,D. AFM high-resolution
images were taken to measure the roughness of the gold surface electrode during the
electrode modification process. This process began with the bare electrode (Figure 4E),
then the electrode when 11-MUA was adsorbed (Figure 4F), then the electrode after the
activation of EDC/NHS (Figure 4G), and, finally, the electrode after the protein layer of
BSA-Aroclor 1254 was formed (Figure 4H).



Chemosensors 2021, 9, 307

7 of 16

(A) (B)

©

42.0 nm 4.9 nm

Height Sensor Height Sensor

283.0 nm 47.0 nm

‘v

200.0 nm Height Sensor 200.0 nm

(G) (H)

Height Sensor

Figure 4. Typical topography of the bare electrode surfaces of gold SPE and modified with SAM.
Contact angle graphs of bare electrode (A) and SAM-modified electrode (B); SEM micrographs of
bare electrode (C) and 11IMUA-SAM-modified electrode (D); top cross-section (x 100 magnification);
AFM micrographs (E) bare Au, (F) 11-MUA SAM (20 h), (G) EDC/NHS (1 h), (H) BSA-Aroclor
1254 coating conjugate.

3.1.1. Contact Angle Measurement

The thiol end groups utilized in the fabrication of the modified SAM gold electrodes
impacted on the water contact angle. The contact angle for bare gold electrodes is 59.4 de-
grees [24,43]. However, as shown in Figure 4A,B, after 20 h of SAM synthesis, the contact
angle value decreased in comparison with the gold bare electrode value, showing the pres-
ence of a hydrophilic surface. Hydroxyl-terminated (OH) and methyl-terminated (CH3)
SAMs will usually possess a smaller hydrophobic surface over amine-terminated (NH2) or
carboxylic acid-terminated (COOH) SAMs [42,44]. Previous research has indicated that
the low contact angle value of carboxylic acid-terminated monolayers suggests that the
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monolayer surface is covered with dense arrays of thiol tail groups. Findings by Wang et al.
indicated that SAM carboxyl acid terminus had a minimum contact angle of 10°, depending
on the kind of SAM synthesis utilized [42,45]. On the other hand, the contact angle for
SAM produced in ethanolic solution has been measured as 35°. This corresponds with the
contact angle values obtained twenty hours after SAM modification, as indicated in Table 1.
SAM adjustment had 2.2% percent relative standard deviation and decreased the water
contact angle for five tests that were recorded per electrode.

Table 1. The water contact angle of gold electrodes treated with thiol SAM.

Before SAM After SAM
Contact angle 6 (°) 56.9 35.4
Relative standard deviation (%) 3.7% 2.2%

Measurement was taken five times for each electrode.

3.1.2. Scanning Electron Microscopy (SEM)

The surfaces of the electrodes were photographed using SEM so as to identify at a
high resolution the spatial variations in the electrodes before and after modification. The
bare gold electrode surface appeared smoother (Figure 4C) than the modified electrode
and had a more uneven structure (Figure 4D). As was previously reported [21], the images
in Figure 4D show the transition in the surface morphology of the electrodes as the various
stacks attached to the gold surface.

3.1.3. Atomic Force Microscopy (AFM)

AFM was applied at 0.5 uM? to evaluate the interactions between SAM and the
proteins that were immobilized on the bare gold electrodes. Figure 4E shows that there
was a smooth surface structure for the bare gold electrodes to a resolution of 42 nm.
The topography image after the adsorption of 11-MUA revealed a flat surface, with the
calculated average of the surface roughness being 2.80 nM (Figure 4F). It was found that the
protein layer of the BSA coating conjugate, which formed on the surface, resulted in greater
roughness (Figure 4H) than the surface following the activation of EDC/NHS (Figure 4G).
Surface roughness and particle diameter are important because they can aid in the study
of the effects of tribological behavior on surfaces. Table 2 shows the surface roughness
and particle diameter size of the gold electrode before and after the introduction of SAM,
EDC/NHS, and the protein layer. It has been reported that surface roughness increases
with the addition of protein [46]; however, this research found that the surface roughness
decreased after the addition of the protein. The maximum particle diameter was 141.20 nm.
As has been argued by Kim [47], it may be possible that the roughness could be due to the
different shapes of the protein layer. In addition, it shows inhomogeneous particles size
after the addition of the BSA-Arcolor 1254 coating conjugate. This is due to the aggregation
of antibodies.

Table 2. Surface roughness and particle diameters of bare and modified gold electrodes.

Bare Gold Electrode SAM (20h) EDC/NHS (1h) Bsa-Alcoler1254 Coating Conjugate

Surface Roughness
Min particles diameter (nm)
Max particles diameter (nm)

474 2.8 2.88 2.94
11.86 - - 11.86
107.74 - - 141.2

Data obtained from NanoScope Analysis 1.9 software.

3.2. Electrochemical Characterization

LSV and CV, as shown in Figure 5A,B, were utilized to investigate the SAM redox
process in relation to the gold electrode [46,48]; however, their limitations made this difficult.
For example, it was difficult to avoid double layer charging and to measure current on low
overpotential [47,49]. For these reasons, EIS was applied, as shown in Figure 5C [50]. EIS
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is a sensitive method for investigating electron transport over a thin monolayer [48,50].
Amperometry was utilized in the presence of pAP, which is transformed to p-aminophenol,
to prove the enzymatic process before adding the target analyte (pAP). At +300 mV (vs.
Ag/AgCl), detection of pAP was possible. Electrodes may be amperometrically measured
because of the low substrate specificity of AP (Figure 5D).
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Figure 5. Electrochemical characterization of modified electrode. (A) A stability study of the coated
BSA-Aroclor 1254 on a gold electrode surface was performed using linear sweep voltammetry. Prior
to the measurements, the coated electrode was stored at 4 °C. Three electrodes were measured every
day for 10 days. (B) The voltammogram of CV for the bare gold electrode and the gold electrode
after SAM modification with 11-MUA. (C) Impedance spectra of the bare gold electrode, after 20 h
SAM, activation with EDC/NHS and immobilization with 5 pg/ mL~! BSA-Aroclor 1254. The redox
couple was 5 Mm [Fe (CN)6]>~/4~ in 0.1 KCL. Frequency measured from 0.1 Hz to 1 MHz, with
amplitude of 0.1 V, potential applied at 0.21 V. The inserted circuit is Randle’s equivalent, where
Rs represents the dynamic solution resistance, Rct represents the charge transfer resistance of the
immobilize recognition layer, CdI indicates the capacitance measured between the gold electrode
and the electrolyte solution on a double layer basis, and Zw is the Warburg element describing the
time frequency. (D) Amperometric detection of a chip modified AP containing bilayer (competitive
assay) was measured in DEA buffer pH 9.5 at potential of 0.45 V vs. Ag/AgCl. The substrate pAPP
was injected at 40 s.

3.2.1. Stability Study of the Coated Electrodes

Before the linear sweep voltammetry deduction was used, the electrodes underwent a
complete capture assay. A total of 0.123 ug/mL~! of the primary antibody was immobilized
on the electrode surface, followed by the addition of the labeled secondary antibody in
1/5000 dilution. In total, 10 uL of the substrate solution pAPP was diluted in DEA buffer
(pH 9.5, 1 mg mL~!) and added to the electrode surfaces. The electrochemical substrates
were incubated, and measurements were taken using the PalmSens potentiostat. The
electrodes were washed and dried before using LSV. Measurements were performed daily
for 10 days using the three electrodes (n = 3). Figure 5A shows the 10-day performance of
the coated BSA-Aroclor 1254 coating conjugate on the gold electrode using LSV detection.
From the graphs, it was observed that the coated electrode remained stable for the first
5 days with a decrease in signal being observed from day 6.
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3.2.2. Cyclic Voltammetry

To identify the electrochemical properties of the electrode modification, an 11-MUA
self-assembly on the gold electrode CV was used. The peaks of the ferricyanide/ferrocyanide
couple were utilized to investigate the SAM electron-transfer efficiency on the gold surfaces.
It was found that when the SAM molecules bonded to the gold electrode surface, this
gradually inhibited electron transport. Figure 5B displays the electrode CVs before and
after SAM modification with 11-MUA. Findings indicated a decrease in [Fe (CN)gJ>~ 74
cathodic and anodic peak current following the gold surface’s immobilization of 11-MUA
SAM. This is consistent with the findings of Lu et al. [51]. Water-soluble NHS and EDC to
carboxylic acid immobilization ended as SAMs increased protein coverage [52]. The coat-
ing conjugate and primary monoclonal antibody were immobilized using the competitive
ELISA method.

3.2.3. Impedance Measurement

To gather further kinetic data, impedance was next applied in this study over a
broader time constant limit. The impedance measurements applied ranged from 0.1 Hz
to 1 MHz. An amplitude of 0.1 V and a potential of 0.21 V were used. It was observed
that at higher frequencies, a semi-circle followed by a straight line appeared at the lower
frequencies for the bare gold electrode, demonstrating the presence of Warburg resistance,
as shown in Figure 5C. The diffusion processes occurred at the surface of the electrode
when it was connected to the equivalent circuit that corresponded to the charge-transfer
resistance (Re) [53]. With regard to the bare gold (Au) electrodes, there was an increase in
impedance value, and the 11-MUA gold electrode was immobilized for electron transfer [54].
A highly insulated surface on the gold electrode was formed after SAM formation. Upon
the addition of the protein layer (BSA-Aroclor 1254) coating conjugate, the impedance
value significantly increased at both high and low frequencies. This increase relates
to the higher molecular weight of protein-BSA (M = 66.5 kDa), compared to 11-MUA
(M =218.36 g/mol). This result is supported by the fact that almost all the faradaic current
was blocked, which increased the surface resistance [27]. The Randle’s equivalent shown
in Figure 5C depended on mass transport and is comparable to data obtained for electron
transfer in an earlier study [54]. The parameter assessment for the Randle’s equivalent
circuit on the gold electrode for 11-MUA SAM is shown in Table 3. Findings indicated that
the value Cq4; for the monolayer electrode was lower than the one recorded for the bare gold
electrode (1.18 x 10~° F/cm™2). This low Cgq; value is a sign that the electrodes are coated
by well-formed SAM of carboxylic-acid-ended long chain thiols [55]. Upon the activation
of EDC/NHS and the addition of the protein layer, the C4j values fell to 8.10 x 10~7 and
5.74 x 10~7 F/cm 2, in that order. This was due to the presence of the immobilized protein
(BSA-Aroclor 1254 coating conjugate) on the gold surface, which resulted in the reduced
access of the solution ions to the gold surface.

Table 3. Parameter evaluation for the Randle’s model on a gold electrode.

Surface RS () Rct (KQ) CdI (F/cm?) x 10—6
Bare gold 7.52 0.385 8.20
SAM (20 h) 7.79 12.56 1.18
EDC/NHS (1 h) 7.74 27.13 0.81
BSA-Arcoler 1254 7.79 34.92 0.57

Data obtained from CHI 1100/620B software.

3.2.4. Amperometric Detection

Amperometry can detect the current flow resulting from the enzymatic redox re-
action in real-time. Before the amperometric measurements were taken, the electrodes
were washed and stored in DEA buffer. pAPP was the substrate that was used for the
amperometric sensor. Figure 5D shows the amperometric response of the immunoassay
system. Findings revealed that when the pAPP was introduced at 50 s, the amperometric
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signal increased and reached a steady-state value in less than 80 s. A steady background
amperometric signal was also obtained when there was no addition of p-aminophenyl
phosphate (pAPP), which demonstrated electrode stabilization. The enzyme that was
utilized for electrochemical detection was AP, which was also used for the ELISA work.
Enzyme AP converts pNPP into the molecule p-nitrophenol, which is spectrophotomet-
rically detectable in conventional ELISAs. Considerable differences in redox potentials
between phosphorylated and free forms were observed due to a lack of electrode fouling by
electro polymerization and a low redox potential when converted to (pAP) at (+300 mV (vs.
Ag/AgCl) pAP is detectable [56,57]. Measurement of the electrodes both amperometrically
and spectrophotometrically was possible due to the low substrate specificity of AP.

3.2.5. Specificity (Cross-Reactivity)

The specificity of the assay was evaluated by the CR (cross-reactivity) of the polyclonal
antibody with five different types of compounds of Aroclors such as (Aroclor 1248, Aroclor
1016, Aroclor 1242, Aroclor 1260, Aroclor 1262). The CR values were calculated according to
the following formula: CR (%) = (IC50 of Aroclor 1254)/(IC50 of other compounds) x 100.
The cross-reactivity of five Aroclors compounds against Aroclor 1254 was measured, and
the results are displayed in Table 4. A low IC50 value was recorded for Aroclor 1254, which
proved the sensitivity of the assay toward the PCBs detection. Based on the CR values,
the assay evidently provided higher responses to formulations with highly chlorinated
biphenyls (Aroclors 1254, 1260, and 1262), which had a similar structure arrangement
to Aroclor 1254. On the other hand, it recorded the lowest cross-reactivity with a lower
chlorination level (Aroclor 1248, 1242, 1016) because of the significant difference in their
molecular structures with Aroclor 1254. Therefore, this method showed good specificity
for the detection of Aroclor 1254.

Table 4. The cross-reactivities of the antibody against Aroclor 1254 and other Aroclor using competi-

tive assay.

Compound IC50 (ng/mL-1) CR (%)
Aroclor 1254 3.94 100
Aroclor 1248 14.4 27.36
Aroclor 1260 5.20 75.765
Aroclor 1242 11.57 34
Aroclor 1262 6.30 62.53
Aroclor 1016 13.27 29.6

3.3. Indirect Competitive Assay

Linear sweep voltammetry was performed to generate the curves of indirect competi-
tive assay using bare gold electrodes and SAM modified electrodes, as shown in Figure 6.
Prior to surface modification, the biochips were cleaned using plasma cleaner. After SAM
formation, and to eliminate any unbound molecules from the surface of the gold, the
electrodes were cleaned using absolute ethanol. Following SAM formation, a mixture
of EDC and NHS was immobilized onto the surface of the gold electrode. The resulting
intermediate NHS esters were stable at neutral conditions and did not hydrolyze easily.
The unmodified bare gold electrode had a limit of detection (LOD) of 0.202 ng/ mL~! and
R? value of 0.96. These findings are lower than other investigators’ reported values, but
they are still within reasonable parameters. A linear range from 0.304 to 220 ng/mL~! was
attained. When the electrode was changed, it was found that the modification electrode
displayed a LOD of 0.09 ng/mL~" a sensitivity level that was much lower than that of the
unmodified electrode. The sensor recorded a linear detection range of between 220 and
0.101 ng/mL~! with an R? value of 0.99. This novel modification had good value among
other literature reviews, as illustrated in Table 5.
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Figure 6. A competitive assay was conducted in which the performance of the gold electrode
modified with 11-MUA was compared with the assay performance using (a) a bare gold electrode
and (b) SAM modification gold electrode.

Table 5. Comparison with previously reported electrochemical PCB immunosensors with present work.

Immunosensor Analyte LOD Linear Range Ref.
MoS2-rGO/Thi/ AuNP/GCE PCB77 80 ag mL~! 0.3 fg mL~1-0.1 ng mL~! [58,59]
5nS2/3-CD modified screen-printed electrode Aroclor1016 5uM 0.625 to 80 uM [19]
3-CDP/rGO/PPy/PGE PCB 0.50 pM 1.0 pM-10.0 uM [5]
Gold bare electrode Aroclor of 1254 0.20 ng/ mL~1 0.304-220 ng/ mL~1 This work
Au SPE/11MUA-SAM/EDC/NHS Aroclor of 1254 0.09 ng/ mL~! 0.1 to 220 ng/ mL~! This work

3.4. Real Sample Analysis

11-MUA-SAM/EDC/NHS/SPGE was applied to determine Aroclor 1254 in the tap
and river samples collected using the standard addition technique. The river and tap
samples were further diluted with tris-BSA buffer solution pH 7.4 and analyzed by LSV
and ELISA. As highlighted in Table 6, the developed sensor’s results showed that the
recovery values of the spiked samples were in the range of 91-97% for both the river and
the tap water, which indicated highly reliable results, with an RSD value that was below
3% (n = 3). On the other hand, the Aroclor 1254 results obtained by ELISA showed that the
recovery values of the spiked samples were in the range of 107.26-120% with an RSD of
approximately 7% (n = 3) Therefore, the 11-MUA-SAM/EDC/NHS/SPGE was an effective
technique in determining Aroclor 1254 in water samples. Similarly, the analytical results
that were obtained from the 11-MUA-SAM/EDC/NHS/SPGE showed that the procedures
of the sample analysis were significantly easy as it benefits from a lower determination
time and fewer potential errors produced from the elaborate sample preparation. These
results were more effective and reliable when compared to the results obtained from ELISA
measurements, which is a traditional technique. In terms of detecting Aroclor 1254, it was
clear from the results that ELISA could not accurately quantify the variables that were
being tested. Therefore, this meant that the developed electrode was more sensitive and
precise when compared to the standard instrument, which made the results obtained more
satisfactory. The results of the fundamental analysis also showed that the developed sensor
had other benefits such as high accuracy, selectivity, and sensitivity in the determination of
the PCBs in the water samples.
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Table 6. MUA-SAM/EDC/NHS/SPGE and ELISA (immunoassay) for the determination of Aroclor 1254 in tap and river water.

Techniques Sample Added (ng/mL-1)  Found (ng/mL-1) Recovery % RSD % (n =3)
11-MUA-SAM/EDC/NHS/SPGE i;vtz 75 72.75 97 1.34
11-MUA-SAM/EDC/NHS/SPGE ~ Tap water 75 68.25 91 235

ELISA River 75 90 120 6.88
water
ELISA Tap water 75 80.44 107.26 4.96

4. Conclusions

The modification of Au SPE/11MUA-SAM/EDC/NHS in this paper was successfully
employed to determine PCBs (Aroclor 1254). In this paper, contact angle, SEM and AFM,
the typical topography characterization techniques were used to examine the surface
of bare and modified electrodes. In addition, investigation of biochips’ electrochemical
behavior was carried out by way of impedance and cyclic voltammetry, through the use
of 5 mM potassium ferricyanide/ferrocyanide in the presence of 0.1 M KCI as the redox
probe. This redox pair was selected as they are one of the most studied redox complexes
in electrochemistry. LSV and amperometry were used to test the stability of the coated
electrode as well as the enzymatic redox reaction. The competitive assay was applied to
test the developed SPE. The findings demonstrated a significant increase in sensitivity and
analytical performance when compared to the SPE. Utilizing the 11-MUA SAM solution,
modification of the electrode with the gold surface for detecting Aroclor 1254 determined
an LOD of 0.09 ng/mLf1 and a linear range (220-0.101 ng/mLfl).

In an immunoassay, immobilizing protein to targeted sites without non-specific bind-
ing is critical. SAM was employed to reduce the random orientation of antibodies attaching
to the surface. Findings indicated that the presence of SAM on the gold electrode increased
the binding of the antibody to the surface, and therefore, sensor sensitivity was increased.

It was observed that the electrode became more insulated after the immersion of
EDC/NHS and BSA-Aroclor 1254 coating conjugate. Overall, the developed chip showed
good performance and stability and could be utilized for detection of PCB compounds
using the proposed electrochemical immunosensor. This immunosensor could be used
in conjunction with a portable device, allowing for in-field measurements. Moreover,
much more work could be carried out to improve the commercialization of the described
technique, such as minimizing the number of stages for the assay and the incubation
time. In addition, further study could seek to increase the sensitivity and performance
of the individual sensor measurements. This would also reduce the steps required for
immunoassay testing in the field. Therefore, the integration into a real-time portable lab-
on-a-chip solution could represent a future platform for monitoring organic pollution such
as PCBs in the environment and avoid costly and non-efficient analysis of the samples in
dedicated laboratories.
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Appendix A
The following abbreviations were used in this manuscript:
AEp peak-to-peak separation
11-MUA 11-mercaptoundecanoic acid
Ag/AgCl silver/silver chloride
AP alkaline phosphatase
AFM atomic force microscopy
Au gold
BSA bovine serum albumin
Ccv cyclic voltammetry
EDC 1-Ethyl-3-(3-(dimethylamino)-propyl) carbodiimide
EIS electrochemical impedance spectroscopy
ELISA enzyme-linked immunosorbent assay
HPLC high performance liquid chromatography
K3Fe (CN)g potassium ferricyanide
K4Fe (CN)g potassium ferrocyanide
KCI potassium chloride
LOD limit of detection
LSV linear sweep voltammetry
MeOH methanol
NaCl sodium chloride
NaCNBH4 sodium cyanoborohydride
NaOH sodium hydroxide
NHS N-hydroxy succinimide
PAb polyclonal antibodies
pAPP p-aminophenyl phosphate
PBS Phosphate-buffered saline
PCB polychlorinated biphenyls
pNPP p-nitrophenyl phosphate
Rct charge transfer resistance
SAM self-assembled monolayer
SEM scanning electron microscopy
SPGE screen-printed gold electrodes
TRIS tris(hydroxylmethyl)aminomethane
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Abstract: PCBs (polychlorinated biphenyls) are a very large group of organic compounds that have
between two and ten chlorine atoms attached to the biphenyl. These compounds have an acute
impact as environmental pollutants, causing cancer and other adverse health effects in humans. It
is therefore imperative to develop techniques for the cost-effective detection of PCBs at very low
concentrations in ecosystems. In this paper, a novel label-free, indirect, competitive electrochemical
immunosensor was first developed with a PCB-BSA conjugate. It is shown herein to compete with
free PCBs for binding to the anti-PCB polyclonal primary antibody (IgY). Then, we used a secondary
antibody to enhance the sensitivity of the sensor for the detection of PCB in a sample. It has been
successfully immobilized on an 11-mercaptoundecanoic acid (11-MUA)-modified gold electrode
via a carbodiimide-coupling reaction using cross-linking 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide (EDC) and N-hydroxysuccinimide (NHS) on the electrode surface. The immunosensor
was investigated by cyclic voltammetry and differential pulse voltammetry in a standard solu-
tion of [Fe(CN)¢]>~/4~. A linear range of 0.011-220 ng/ mL~! and a limit of detection (LOD) of
0.11 ng/mL~! for PCBs detection were achieved by the developed immunosensor, showing advan-
tages over conventional assays. The novel label-free electrochemical immunosensor discussed in this
paper is a solution for simple, rapid, cost-effective sample screening in a portable, disposable format.
The proposed immunosensor has good sensitivity, and it can prove to be an adequate real-time
monitoring solution for PCBs in soil samples or other samples.

Keywords: polychlorinated biphenyls; label-free disposable screen-printed gold electrode; differen-
tial pulse voltammetry; immunosensors; self-assembled monolayers (SAM)

1. Introduction

Polychlorinated biphenyls (PCBs) are organic compounds containing two to ten chlo-
rine atoms attached to the biphenyl [1,2]. Aroclor 1254 (C1,H5Cls) is a mixture of poly-
chlorinated biphenyls, and is a viscous, light-yellow liquid with a molecular weight of
328, containing 21% C12H6C14, 48% C12H5C15, 23% C12H4C16, and 6% C12H3C17, with an
average chlorine content of 54% [3]. Owing to its severe harm to the environment, the
chemical was banned despite its wide use in industry. Nevertheless, it is still present in elec-
trical power generation, plastic manufacturing, chemical production, printing, and other
industries; therefore, PCB contamination is still a global issue. It can be found in air, soil,
and aquatic environments, and in human bodies [4-6] PCBs disrupt endogenous hormones
and immune functions, and can lead to tumor formation [7,8]. It is therefore important and
urgent to develop reliable, on-site screening systems that use simple analytical methods
with high specificity and sensitivity for PCB detection. These methods can be applied to
trace levels of PCBs that pose a major threat to the environment and to public health.

For PCB detection, standard methods such as gas chromatography-mass spectrometry
(GC-MS) and high-performance liquid chromatography-mass spectrometry (HPLC-MS)
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have been commonly used [9-11]. Although they are sensitive and accurate, these in-
strumental analyses have some limitations and are mainly used in laboratory settings.
Therefore, immunoassay techniques seem to be a viable solution for portable devices. For
example, enzyme-linked immunosorbent assays (ELISA) [12-14] have detection limits of
less than 1.0 ng/mL with high specificity [15,16]. Traditional ELISA involves many steps
and long incubations, which must be reduced in order to enable rapid, on-site detection
of PCBs. Therefore, electrochemical methods will replace optical ones because they en-
able faster response times and miniaturization. Electrochemical biosensors can be labeled
or label-free [17]; label-free-based immunoassays have attracted considerable attention
recently due to their fast, simple, and low-cost on-site analysis, and the fact that do not
require the modification of biological samples [18-21]. A competitive immunoassay is the
common scheme used with label-free immunosensors [3,6,17,22], whereby the formation of
antibody-antigen complexes changes the thickness and mass of an electrode surface, which
in turn blocks the transfer of electrons to the electrode surface [23,24]. Therefore, the key
factor here is the immobilization of the antibody or antigen on the electrode surface with
no nonspecific binding [25,26].

In view of the rarity of studies using label-free electrochemical immunosensors for PCB
detection [7,8,13,27-30], in this study, a novel, sensitive, and label-free electrochemical im-
munosensor was developed based on an indirect competitive assay on modified electrodes
for the quantification of total polychlorinated biphenyls (PCBs). Detailed instructions for
electrode modification were provided in our previous study [3]. This study applied the
Aroclor 1254-bovine serum albumin (BSA) conjugate, which became the solution for the
competition assay and enabled our development of the immunosensor modified with
11-mercaptodecylic acid (MUA). PCB-BSA competed with antigens in solution for poly-
clonal antibodies (anti-PCB), resulting in two types of anti-PCB: one which binds freely
to PCB in solution, while the other binds to PCB-BSA. Secondary antibodies were then
applied, which in turn competed with these two types of anti-PCB, changing the electro-
chemical signals and increasing the sensitivity of the immunosensor. Differential pulse
voltammetry (DPV) was applied to record the interaction of antibodies with PCB antigens
on the modified electrode, using [Fe(CN)g]?~/*~ solution as a redox probe. PCBs were
therefore competitively bound to this particular antibody, resulting in Aroclor 1254-BSA
complex formation, which then dissociated from the electrode, causing significant de-
creases in DPV. Capture assays were used in optimization, and the analyte concentrations
remained constant, allowing the use of direct ELISA. Competitive assays were used in the
sensitivity measurements, and the analyte concentration gradually changed, allowing the
use of indirect ELISA.

PCBs were determined using the proposed immunosensor in both standard and real
samples. The details of the preparation, characterization, and possible application of
the immunosensors were investigated as follows. The presented immunosensor’s linear
dynamic range and limit of detection were compared with a labeled immunosensor, ELISA,
and other previously described immunoassays for PCB detection. We believe that the
findings of this study, a label-free detection technique, will have a significant impact on
the development of an ultrasensitive platform for detecting and quantifying PCBs in the
environment. Figure 1 illustrates the functionalization process of SPGE and the detection
process of the PCB contaminant.
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Figure 1. Functionalization steps of PCB immunoassay on SPGE, reprinted from reference [31],
Springer Nature, 2018.

2. Materials and Methods
2.1. Chemicals and Materials

Aroclor 1254 PCB was purchased from Cole-Parmer Instrument Company Ltd., Eaton
Socon, Saint Neots, UK. Reagents, such as buffers (Tris base: PBS—phosphate-buffered
saline, DEA—diethanolamine); solutions (NaHCO3—sodium bicarbonate, NaCl—sodium
chloride, KCl—potassium chloride, HCI 37%—hydrochloric acid, NaBH3CN—sodium
cyanoborohydride, NH4OH—ammonium hydroxide, NaOH—sodium hydroxide); chemi-
cals (NHS—N-hydroxysuccinimide 98%, EDC—1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide, 11-MUA—11-mercaptoundecanoic acid 95%, K4[Fe(CN)¢ ™~ ] —potassium ferro-
cyanide, K3[Fe(CN)g ™ ] —potassium ferricyanide, BSA—bovine serum albumin); Tween-20
detergent; acetone; alcohol (1-isopropyl; ethanol); and clean soil, were bought from Sigma
(Dublin, Ireland). Other biochemicals, including polyclonal chicken antibody (IgY), specific
to PCB; goat anti-chicken IgY (heavy and light chain) unconjugated antibody; and PCB-BSA
conjugate (Aroclor 1254), were purchased from GmbH (Heidelberg, Germany). All the
reagents were of analytical grade or higher, and all the buffers and solutions were made
from water filtered with nanopores (18.2 mQ)-cm).

2.2. Equipment and Instruments

For the optical assays, a microplate reader (EL Read 2000 from biochrom.co, Cam-
bridge, UK) and 96-well ELISA microplates (Greiner bio-one from Frickenhausen, Ger-
many) were used. For electrochemical assays, a Palm Sens potentiostat (Palm Instrument
BV Houten, The Netherlands) and disposable electrochemical screen-printed gold elec-
trodes (AuE) with a size L 3.4 x W 1.0 x H 0.05 cm and a diameter of 4 mm (Drop Sens,
Asturias, Spain) were used. For incubation and pretreatments, a 37 °C Biometra OV3
Incubator (Gottingen, Germany) and a plasma cleaner (Harrick Plasma Ithaca, Ithaca, NY,
USA) were used. Between measurements, nitrogen spray guns were used to dry the SPEs.
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2.3. Cyclic Voltammetry for Pretreatment of Electrodes

For electrochemical measurements, it is necessary to ensure that the electrode surfaces
are clean. As a result, the optimization of various SPGE cleaning protocols was carried out.
At a scan rate of 50 mV s~!, the chips were cycled in 5 mM [Fe(CN)s]>~/# in 0.1 M KCL.
The potential was chosen between —0.2 and 0.6 versus Ag/AgCl. The following are the
different chip-cleaning protocols: (a) SPGE was given a plasma cleaner treatment for
20-30 min; (b) SPGE was ultrasonically cleaned for 5 min in acetone, then for another 5 min
in 1-isopropyl alcohol before being rinsed with deionized water for 5 min; (c) on a hot plate,
a 1:1:5 mixture of 29% ammonia solution, 30% H>O,, and ultrapure water was heated to
80 °C, and the SPGEs were immersed in the solution for 5 min; (d) the SPGE was cycled
from 0 to +1.6 V in 0.5 M for 3 scans in 0.5 M sulfuric acid, H2SO4. The SPGE, on the
other hand, was scanned between —0.2 and 0.6 V in 5 mM [Fe(CN)¢]*~/4~ in 0.1 M KCl to
investigate the effect of the scan rate. Different scan rates of 5-200 mV s versus Ag/AgCl
were used in the experiments.

2.4. Modification of SPG Electrodes

Our method for modifying the electrode was discussed in our previous paper [3]. We
briefly describe the method here: 5 mM of 11-MUA used as SAM was applied on the gold
working electrodes. 11-MUA was diluted in absolute ethanol and bubbled with N2 for
the purpose of reducing the oxygen [23,32,33]; then, the electrodes were immersed in this
mixture for 20 h at 25 °C. Next, the electrodes were rinsed thoroughly with ethanol and
dried with N2. After that, 50 mM EDC and NHS solution was used to immerse electrodes
for 1 h, and then the electrodes were rinsed with deionized water and dried again with N2.
The electrodes were then exposed to protein as a final step. A measure of 5 ug mL~! of
Aroclor 1254-BSA coating conjugate was immobilized for 1 h at 37 °C.

2.5. Optimization of Label-Free Immunoassay

These different experimental parameters were optimized using an Aroclor 1254 solu-
tion at 25 ng mL~! concentration without a competition test (we used fixed-concentration
PCBs at 25 ng mL~! Aroclor 1254 concentration). Therefore, instead of performing the
competitive assay, we applied a capture assay with DPV techniques to optimize several con-
ditions, including the concentrations of BSA—-Aroclor 1254, the concentrations of anti-PCB
Ab, and the competition time. Under optimized experimental conditions, the label-free
immunoassay was performed using an indirect competitive immunoassay scheme using
DPV, which was applied in order to find the calibration plot and compare the other methods.
The electrode surfaces were incubated at 37 °C for one hour with 15 puL. of BSA-Aroclor
1254 coating antigen (5 ug mL~!) (pH 7.4). For washing the electrode surfaces, 0.05 M Tris,
pH 7.4 (0.05% Tween 20) was sprayed on them three times, and then the electrodes were
blocked for 30 min at 37 °C with 1% BSA-Tris (0.05 M Tris—HCI). To eliminate unbound
coating conjugates, the electrode surface was washed three times following the incubation
process. Aroclor 1254 PCB, serially diluted with PCB-specific polyclonal chicken antibody
(IgY), was mixed and left to incubate for 15 min with 0.246 ug/mL~! of the polyclonal
chicken antibody (IgY). The electrode surface was exposed to 15 pL of each dilution, and
binding occurred for 30 min at 37 °C. The SPGE surface was coated with a 1/5000 dilution
of unlabeled anti-rabbit IgG antibody and allowed to react for 30 min at 37 °C in order to
standardize the assay. A 100 uL-volume wash buffer was used to wash the electrodes before
the electrochemical reading. The DPV analysis utilized a voltage range from —0.2 to +0.6 V
at a scan rate of 0.05 V s~! and a response amplitude of 0.05 V. In addition to the step
potential, the modulation time and interval time were all fixed during the assay: 0.01 V
and 0.1 s, respectively, were used in 0.1 M KCl in 4 mL PBS, containing a 5 mM redox probe
[Fe(CN)sJ* /%~
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2.6. Real Sample Analysis

For the real sample analysis, ten grams of soil were placed in a glass flask and spiked
with a known amount of Aroclor 1254 before being extracted for recovery studies. A
measure of 5 g of the spiked sample was added to 10 mL of methanol. The flask was sealed,
shaken frequently for 2 min, and then left at room temperature for 30 min. The sample
was centrifuged at 2500 rpm for 10 min [34,35]. After waiting 5 min for the solid particles
to settle, the soil was filtered through a 0.45 m nitrocellulose filter. The extract was then
evaporated to a volume of 1 mL before processing, as described in Section 2.5.

3. Results and Discussion
3.1. Electrochemical Characterization of the Electrode

Cleaning and substrate preparation are important steps in studying the surface phe-
nomenon, because they can improve the surface state for better electrochemical activity
to take place. There are different common pretreatment methods for producing a clean
gold surface, and most are performed just before the modification of the surface. Different
pretreatment procedures, either individual or combined, are employed. Common pretreat-
ment methods include thermal treatment, mechanical polishing with a slurry of alumina,
oxygen plasma cleaning, chemical oxidation with piranha solution or ethanol, and elec-
trochemical polishing using potential cycling [27,36]. In this study, we used four different
protocols to clean the electrode, as follows: plasma cleaning, ultrasonicating, NH3 + Hy Oy,
and H,SOj. Electrode cleanliness can be measured by examining the potential difference of
the peak-to-peak separation (AEp) of anodic and cathodic peaks. According to Fischer et al.,
a smaller AEp indicates a cleaner surface, where any increase in the AEp value indicates
that some sort of contamination has occurred on the electrode surface [28]. Considering
that the theoretical value of AEp is 59 mV for the single-electron transfer of [Fe(CN)g P74,
the closest experimental value of AEP (58 mV) was achieved when the CV was performed
using the plasma-cleaner-treated electrode. Compared with the other cleaning protocols,
the plasma cleaning method shows well-defined peaks(see Figure 2). For this reason, we
used this method as our cleaning procedure for further electrochemical investigations. The
data generated from the curves are summarized in Table 1.

20| — Plasma Cleaning
—— Ultrasonicating /\/
— NH,+H,0, .
104| — H,SO,
2 -
3
= 04
c
o
S -
O
-10 4
=204 /.\J/

T
0.2 0.0 0.2 0.4 0.6
Potential (V)

Figure 2. Studies on different chip-cleaning procedures. CV was scanned in mM [Fe(CN)s]>~/4~
redox coupled with a 50 mV/s scan rate.
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Table 1. The values of peak-to-peak separation using different cleaning protocols.

Cleaning Protocols Epa (V) Epc (V) AEp (mV) *
Plasma cleaning 0.226 0.168 58
Ultrasonicating 0.226 0.160 66

NH; + H,O, 0.242 0.172 70
H,S0, 0.246 0.160 86

¥AEp = Ep, — Epe.

Secondly, the influence of the scan rates was investigated by performing the CVs over
the range 5-200 mV /s~ 1. As shown in Figure 3, a large peak separation was observed when
the scan rates were increased. The redox couple used was 5 mM ferricyanide/ferrocyanide
in 0.1 MKCL. The peak-to-peak separation achieved for the scan rate of 50 mV /s was 64 mV,
which is a better performance compared to those reported by M. Lu with 75 mV [29]. A
good linear correlation was obtained between the anodic peak height and the square root of
the applied scan rates, as shown in Figure 3. The values of the correlation coefficients (R2)
of the anodic peak (0.999) and the cathodic peak (0.998) confirm that the electrochemical
system was under the diffusion control process. Table 2 shows the calculated CV data
for the oxidation of 5 mM [Fe(CN)s]>~/4~ in 1 M kCL with different scan rates. The
measurements were performed at room temperature, 25 °C. Table 2 shows that the data of
Ipa increased as the scan rate increased. It also shows the AEpa for each scan rate within
the practical range (7040 mV). In addition, the theoretical value of 58 mV was recorded
twice at that range, at scan rates of 100 and 200 mV /s. Furthermore, it shows all the redox
reactions across the different scan rates applied at ~200 mV.

60 : | i : . | . | . |
1 ‘ ‘ ‘ 200 mV/s 1
40 - = 20 =o.9ggs ] |
3
5 .. ] 5mV/s
g_ 20 - i "" R2=0.9996 |
= -40 ; : .
‘E 0 5 10 15 20
o Scan rate "}(mV/s) 2
[
s 04 _
(&
-20 |
-40 .
-0.4 -0.2 0.0 0.2 04 0.6

Potential/V (vs. Ag/AgCl)

Figure 3. Influence of the scan rates on the CV signals measured in 5 mM [Fe(CN)6]*/# in 1 M KCL.
The potential applied was from —0.2 to 0.6 V.
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Table 2. Influence of the scan rate on the half-peak potential and the peak current for the oxidation
component of the process. The scan rates studied were 5, 10, 20, 50, 70, 100, 150, and 200 mV s 1,

Scan Rate (mV/s) Ipa (nA) € AEp (mV) P Emid vs. Ag/Ag CL (Mv) ?

200 34.59 58 193
150 30.01 64 194
100 24.80 58 193

70 20.83 62 191

50 17.38 64 192

20 11.18 68 192

10 7.98 68 194

5 5.71 70 198

2 Measured from the value 1/2 (Epc + Epa) versus Ag/AgCl reference electrode; ® AEp = (Epc — Epa); ¢ Ep anodic
data as a function of scan rate.

3.2. Optimization of the Assay Conditions

Different concentrations of BSA—Aroclor 1254 conjugate and anti-PCB Ab, and different
competition times were selected to test the immunosensor. This test was performed using
a capture assay and the concentration of BSA-Aroclor 1254 conjugate varied from 20 to
0.155 pg mL~! in this study. The BSA—Aroclor 1254 conjugate was immobilized on the
sensor surface in three independent experiments. As the concentration of BSA-Aroclor
1254 increased, there was an increase in the peak sensor currents. The concentration of
the BSA-Aroclor 1254 conjugate (5-20 ug mL~1) did not affect the DPV current further;
therefore, 5 pg mL~! was chosen as the optimal concentration to use during the experiments,
as shown in Figure 4a. Furthermore, 5 ug mL~! BSA-Aroclor 1254 coating conjugate was
immobilized on the electrodes and used to cover the electrodes completely, followed by
blocking the chips with 1% BSA in Tris buffer (pH 7.4). The primary PCB antibody was
serially diluted in concentrations ranging between 10 pg mL~! and 0.0005 ng ml~!. As
shown in Figure 4b, the optimal concentration of anti-PCB Ab was 0.246 ng/mL~!. The
competitive times for PCB-BSA and PCBs standards were also optimized because of the
competition with the finite anti-PCBs, which is a factor that affects the DPV response of the
biosensor. Figure 4c shows the peak current progressed at a dramatic rate until it reached
minimal intensity at 25 min (containing 25 ng mL~! Aroclor 1254 concentration). Most of
the PCB was bound specifically to anti-PCB, as shown in the data from 10 to 35 min. It is
therefore optimal to have a 25 min competition time.

3.3. Sensitivity of the Immunosensor for PCB Aroclor 1254 Determination

Aroclor 1254 was examined under optimized conditions using DPV in PBS (pH 7.4) to
assess its effects on analytical capability. The DPV redox peak currents shown in Figure 5
are clearly shown to decrease with increasing concentrations of Aroclor 1254. Results
indicate that Aroclor 1254 and PCB-BSA were successfully incorporated. Figure 5B shows
the current had a linear relationship with Aroclor-1254 concentration on a semilogarithmic
scale. The concentration was between 0.011 and 220 ng mL~!. Additionally, the linear
regression equation fit is shown (Y = —4.623In(x) + 39.8) (RZ = 0.99), and the limit of
detection was estimated to be 0.11 ng mL~!. This was estimated to be three times that of
the SD of the blank sample/slope. Table 3 shows a comparison with other existing PCB
detection methods; the immunosensor demonstrated a wider linear dynamic range and an
acceptable detection limit with a sensitivity of 4.62 pA ng~!.
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Figure 4. (a) Optimized concentration of PCB-BSA conjugate using capture assay. Detection was
DPV (n = 3). The optimized concentration of the PCB-BSA conjugate was 5 pg/mL. (b) Optimized
concentration of PCB using capture assay. Detection was DPV (n = 3). The optimized concentration
of PCB was 0.246 ug/mL, which is less than the optical, which was 0.465 pg/mL. (c) Competition
time for immunosensor response. Detection was DPV (n = 3).
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Figure 5. (A) Typical DPV response of the designed immunosensor to Aroclor 1254 concentrations:
(a) 0.011, (b) 0.033, (c) 0.101, (d) 0.304, (e) 0.91, (f) 2.7, (g) 8.2, (h) 25, (i) 74, and (j) 220 ng/mL 1.
(B) Plot of DPV current with respect to logarithms of different Aroclor 1254 concentrations.
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Table 3. Performance of diverse electrochemical detection methods.

Method Detection Mode Linear Range LOD Amplification Real Sample Ref.
DPV - 1-100 0.22ng/L None Water [30]
EIS Noncompetitive 0.01-10 png/L 0.001 png/L None Oil [22]
Drv Competitive 0.01-50 ppm 5.2 ppm AP (ALP) Food [37]
LSV Competitive 0.1-220 0.09 ng/ mL~! AP (ALP) Water [3]
DPV Competitive 0.011-220 0.11 ng/mL~! None Soil This work

3.4. Reproducibility and Stability of the Designed Immunosensor

Electrochemical immunosensors were tested with PCB concentrations as high as
25ng mL~! across seven electrodes to verify the reproducibility. The relative RSD was
2.43%. According to the results, the fabricated immunosensor has high reproducibility
and stability, which are important parameters in quantitative detection by immunosensors.
In Figure 6, DPV was used for a complete assay every 5 days for a month (n = 3). After
storing the immunosensor for 10 days, it maintained 98% of its original response, while
maintaining 92% after 20 days. This electrode displayed excellent stability (RSD 5.9%)
during a long period after being kept under dry conditions at 4 °C for 30 days. This might
be due to the antibody being firmly attached to the gold surface, which is a reason for the
good stability.

Current (uA)

0 5 10 15 20 25 30 35
Days
Figure 6. The stability of Aroclor 1254 detection by the immunosensor during 30 days.

3.5. Real Sample Analysis

Aroclor 1254, which was added to the soil samples using the standard addition
technique, was determined using the developed immunosensor. As shown in Table 4, the
developed sensing device showed recovery values in the range 90-96% for a spiked soil
sample. All samples were run in triplicate. This indicated highly reliable results, with an
RSD value of 2.5% (n = 3). In comparison with the traditional ELISA method, the new
immunosensor was effective and reliable in determining Aroclor 1254 prevalence in the
soil samples. In this case, the developed electrode met higher performance standards
than the standard instrument, so the results we obtained were more appealing. The
fundamental analysis also revealed that the developed sensor had other advantages in
terms of determining PCBs in soil samples, including high accuracy, high selectivity, and
high sensitivity.
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Table 4. SPGE electrochemical and ELISA (immunoassay) approaches for the determination of
Aroclor 1254 in soil samples (1 = 3).

Techniques Sample Added Found Recovery % RSD %
(ng/mL—1) (ng/mL—1) (n=23).
ELISA Soil 8.2 10.54 128.53 4.4%
ELISA Soil 25 26.41 105.64 3.6%
Electrochemical Soil 8.2 7.89 96.21 1.7%
Electrochemical Soil 25 22.74 90 25%

4. Conclusions

In this work, a highly sensitive, cost-effective, and label-free electrochemical im-
munosensor was used for the determination of PCBs (Aroclor 1254). A self-assembled,
monolayer-modified electrode was used in an indirectly competitive format and the results
were compared with those of other methods. This immunosensor had a linear range of
0.011-220 ng/mL~! and a limit of detection (LOD) of 0.11 ng/mL~! under optimum condi-
tions. According to our analyses, the chip demonstrated good performance and stability
and could be used to detect PCB compounds using the electrochemical immunosensor. This
immunosensor could be incorporated into a portable device to carry out real-time measure-
ments in the field. Moreover, the technique described can be improved using nanoparticles,
such as gold nanoparticles (GNPs), to enhance the sensitivity and performance of the indi-
vidual sensor measurements. This would improve the commercialization of the technique
we present here. This would also reduce the steps required for immunoassay testing in
the field. Hence, incorporating an organic-pollutant-monitoring platform into portable
lab-on-a-chip technology would be a useful way to avoid the costly and inefficient analysis
of samples in specialized laboratories.
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Abbreviations

The following abbreviations were used in this manuscript:
AEp peak-to-peak separation
11-MUA 11-mercaptoundecanoic acid
Ag/AgCl  silver/silver chloride

Au gold

BSA bovine serum albumin

Ccv cyclic voltammetry

EDC 1-Ethyl-3-(3-(dimethylamino)-propyl) carbodiimide
ELISA enzyme-linked immunosorbent assay

HPLC high performance liquid chromatography

K3Fe(CN)g  potassium ferricyanide
K4Fe(CN)g potassium ferrocyanide

KCI potassium chloride
LOD limit of detection
MeOH methanol

NaCl sodium chloride

NaCNBH;  sodium cyanoborohydride
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NaOH sodium hydroxide

NHS N-hydroxy succinimide

PAb polyclonal antibodies

PBS phosphate-buffered saline

PCB polychlorinated biphenyls

Rct charge transfer resistance

SAM self-assembled monolayer

SPGE screen-printed gold electrodes

TRIS tris(hydroxylmethyl)aminomethane
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Abstract: Polychlorinated biphenyls (PCBs) have been found in soil, which has typically been the re-
sult of industrial pollution in the past two decades. Although they are banned, PCBs can still be found
in soils and other environmental media. For this reason, it is critical to develop an analytical method
that can reliably identify and monitor their sources. This study describes a gas chromatography with
mass spectrometry (GC-MS) technique, which was used to detect PCBs in soil samples by using a fast
extraction method. Using the QuUEChERS (quick, easy, cheap, effective, rugged, and safe) method,
PCBs were more effectively extracted from soil. Different related parameters, such as time of shaking
and centrifuging, type of solvent, and clean-up adsorbents, were compared and optimized. As the
extraction solvent, acetonitrile/water produced the best results, and as the dispersive solid-phase
extraction sorbent, diatomaceous earth produced the best results. Procedures allowed recovery
values between 95.3% and 103.2%. A limit of detection of 1.9 ug/kg was determined with relative
standard deviations (n = 3) of 2.1-4.0% for intra-day assays and 3.6-5.8% for inter-day assays. It
was demonstrated that the method was simple, sensitive, efficient, and environmentally friendly
when applied to soil samples. To our knowledge, an integrated approach based on QuEChERS
for the determination of Aroclor 1254 in soil has not been published before. It is believed that this
approach will eliminate the significant challenge of sample extraction in GC-MS processing, which
was considered to be a procedural challenge in previous analyses.

Keywords: polychlorinated biphenyls (PCBs); quick; easy; cheap; effective; rugged; safe (QuEChERS);
(GC-MS); sample preparation; extraction methods; soil environmental

1. Introduction

Polychlorinated biphenyls (PCBs) are chemical compounds formed artificially by
replacing hydrogen atoms within biphenyl molecules with chlorine atoms, classifying
them as a persistent organic pollutant. A total of 209 possible PCB congeners exist due
to different commercial names for PCBs, accumulating and posing an environmental
hazard [1-3]. Despite the banning of using and/or producing PCBs, they are still widely
spread in environmental media, including in agricultural soil [4].

Aroclor 1254 is one type of PCB that has attracted researchers in recent years. A product
with dozens of highly chlorinated congeners, it has been widely used for numerous open and
closed industrial applications due to its chemical and thermal stabilities [5-7]. Therefore, the
possibility of exposing people to Aroclor 1254 has increased greatly in different ways, such
as through dietary intake, dermal contact, or inhalation, which negatively affect the human
body and cause serious conditions including neurotoxicity, dermatological disorders, and
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lung problems. Thus, the detection of Aroclor 1254 in the environment has become very
important and requires a sensitive analytical method [8,9].

Gas chromatography is most commonly used to detect polychlorinated biphenyls
usually in conjunction with an electron capture detector or mass spectrometry [10,11]. Some
of the features of these techniques are accuracy, reliability, and sensitivity [12]. Isolating
PCBs from the soil matrix is a crucial step in GC-MS. The PCB analysis has been carried out
using a wide range of extraction techniques, such as chemical methods—involving soxhlet
extraction [13-15], liquid-liquid extraction [16,17], and solid-phase extraction [18,19]—or
physical ones, involving ultrasonic extraction [20], microwave-assisted extraction [21],
supercritical fluid extraction [22], and pressurized fluid extraction [23].

Despite their own advantages, these methods suffer from hazardous solvents, and
sample preparation is expensive and time-consuming; therefore, Anastassiades et al. intro-
duced a quick, easy, cheap, effective, rugged, and safe method, known as QUEChERS, as an
alternative means of extraction [24].

The method involves acetonitrile extraction, followed by salt addition and dispersive
solid-phase extraction (d-SPE) cleanup. According to this alternative method, organic
solvents are minimized, which was rarely discussed in the literature review [25]. PCBs
have been removed from a variety of matrixes, including fish tissue [26-28], mussels [29],
meat [30], and honey [31], and isolated by QuEChERS. Although different optimizations
were discussed in the soil sample [32], further modification is required, including combi-
nations of solvents, sorbents, or salts, considering volume, type, and ratio, which mostly
depends on the analyte and the matrix.

Through the use of the QUEChERS method combined with GC-MS, this study aimed
to develop and validate an inexpensive and reliable method of analyzing PCBs in soil. The
QuEChERS method was examined for PCB extraction from six soil samples by examining
the effect of water, solvent types, solvent volume, time of shaking, centrifuge time, speed,
and types of sorbents used. To demonstrate the efficiency and accuracy of the methodology,
blank samples spiked with standards were used to evaluate the precision and accuracy of
the method.

2. Experiment
2.1. Instrumentation and Conditions for GC-MS

The GC-MS instrument used for the analysis of PCBs was an Agilent 6890/5973, which
consisted of an Agilent 6890N GC equipped with an inert mass selective detector 5973.
A capillary column HP-5MS [5%-phenyl)-methylpolysiloxane] Agilent J&W GC column,
with a dimension of 0.25 mm ID x 30 m and a 0.25 um film coating thickness, was used
for the separation of PCB congeners. Helium was used as the carrier gas, with a flow rate
of 1.0 mL/min and a pressure of 18 psi. The injector was kept at a constant pressure and
temperature of 250 °C. The oven temperature was programmed as follows: it was initially
set at 70 °C and held for two minutes, then increased to 180 °C at a rate of 25 °C/min, then
increased to 200 °C at a rate of 3 °C/min, then increased to 280 °C at a rate of 8 °C/min,
and held for 13 min. The injector and detector temperatures were both set at 280 °C. The
injection volume was 5 pL in the splitless mode. The ionization voltage was 70 eV, and the
solvent delay was set to 6 min. Detection of the compounds was performed in full scan
mode with a scan range of 50 to 500 mass to charge ratios (m/z). The total run time was
36.07 min. The MS transfer line temperature was 280 °C, and the ion source temperature
was 250 °C.

2.2. Chemicals and Instruments

The following were all obtained from Sigma (Dublin, Ireland): an Aroclor 1254 stock
solution at a concentration of 200 pg/mL in methanol; a surrogate solution of a mixture
in acetone containing 200 pug/mL of decachlorobiphenyl (deca-CB) and of tetrachloro-m-
xylene (TCMX); anhydrous MgSO, powder; sodium chloride NaCl powder; diatomaceous
earth; clean soil; acetonitrile; hexane; acetone; ethyl acetate; methanol. The reagents
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and solvents used in the experiments were generally of an analytical grade or higher.
Ultrapure deionized water, with a resistivity of 18.2 M()-cm, was obtained from a Milli-Q
system (Millipore, Molsheim, France). We used a QUEChERS Original Method extraction
kit (5 g samples), 50/pk. The kit contents were as follows: 4 g MgSOy, 1 g NaCl with
50 mL tubes, and a QUEChERS dispersive clean-up kit (PSA, C18, MgSO;,); these were
purchased from Agilent Technologies Ireland Limited (Cork, Ireland). We also used a
centrifuge (Heraeus Megafuge 16, Thermo Fisher, Bremen, Germany), analog vortex mixer
(VWR Mixer Mini Vortex, Missouri CT, USA), ultrasonic Branson 5510 cleaner (Branson
Ultrasonics Corporation, Brookfield, CT, USA), suitable hoods, glassware, volumetric flasks,
pipettes, cylinders, beakers, vials, tubes for soil sample extraction, and filter paper for soil
sample filtration.

2.3. Standard and Sample Solution Preparation

A six-point calibration curve was employed for the quantitative analysis. Standard
solutions of Aroclor 1254 were prepared at levels of 0.32, 0.65, 1.25, 2.5, 5, and 10 ng/mL
by diluting 200 png/mL Aroclor 1254 stock solutions with methanol. Surrogate standard
solutions for Deca-CB and TCMX were prepared at a concentration of 5 ng/mL via dilution
with acetone from a 200 ug/mL stock solution. To assess extraction recovery, a surrogate
standard was added, and the standards and working solutions were stored at 4 °C. For the
recovery experiment, the soil used in this work (about 100 g) was purchased from Sigma.
The soil samples were stored at room temperature 25 °C in dark-colored glass bottles.
The physicochemical properties of the soil were as follows: The soil texture was sandy;
pH = 6.2; organic matter at levels of 0.1%. Afterwards, soil samples were spiked with
PCBs standards at 10 pug/kg and 5 ng/kg. To obtain a homogeneous sample, a mechanical
stirring apparatus was used. After that, to allow the solvent to evaporate, the samples
were left in a ventilated area for eight hours. The standards are thought to bind the soil
samples similarly to natural processes. For accurate recovery results, it is critical to use
suitable extraction methods and solvents to avoid soil interference. The soil was pretreated
to remove the interfering compounds. Additionally, the potential contamination sources
were controlled and evaluated throughout the process to obtain better recovery.

To calculate the recovery, a chromatogram with characteristic peak areas and retention
times, or a “fingerprint” pattern, was produced by a single PCB mixture of Aroclor 1254. In
this study, an Aroclor 1254 mixture containing tetra-CB, m/z 292; hexa-CB, m/z 360; hepta-
CB, m/z 394; penta-CB, m/z 326 with peak areas of penta-chlorinated biphenyls (penta-CBs)
were selected and used to construct the calibration models for the quantification of Aroclor
1254, because penta-CBs are one of the major PCBs in Aroclor 1254 (48% weight). The
areas of selected peaks in the sample were compared to the same areas in a standard PCB
mixture, which was the method utilized.

Phase separation is a process in which a mixture is divided into two or more distinct
phases, usually due to the presence of a separating agent. Salt is a commonly used sep-
arating agent, and its addition can induce phase separation. However, it is important to
note that the effectiveness of the extraction system can also be influenced by the amount
of salt used. In a recent study, the same amount of magnesium sulfate (MgSO4) has been
used as in a previous study to induce phase separation [24]. Magnesium sulfate (MgSOy)
is often used as a drying agent to remove water from the organic phase and improve the
efficiency of the extraction process. In addition to MgSO,, NaCl can also be employed to
minimize the effects of polar interference. This can be particularly useful when analyzing
samples that contain high levels of polar compounds, as these compounds can interfere
with the extraction process and lead to inaccurate results. Therefore, careful considera-
tion of the type and amount of separating agents used is crucial for the success of any
extraction process.
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2.4. Extraction and Clean-Up Procedure

Extraction was performed according to the QUEChERS method described by Anas-
tassiades, Michelangelo Lehotay, Steven J. (2003) [24]. Approximately 5 g of soil samples
were weighed into a 50 mL centrifuge tube and mixed with 15 mL of acetonitrile/water
(75%: 25%, v/v) or hexane/water (75%: 25%, v/v) in a QUEChERS tube, followed by vortex
homogenization for 4 min. Then, the tube containing samples was ultrasonically treated
for 20 min. After that, 4 g of MgSOy4 and 1 g of NaCl were added. After vortexing the
mixture for 4 min, the extract was centrifuged at 4500 rpm for 10 min to remove the upper
layer. Approximately 6 mL of the organic layer extract was transferred into a clean-up tube
containing 900 mg MgSO, and 150 mg of sorbent mix (PSA /C18) or diatomaceous earth.
After 4 min of vortex homogenization, the tubes were centrifuged for 10 min at 4500 rpm.
Approximately 1.5 milliliters of the upper layer were filtered before being transferred to
GC vials for a GC-MS analysis, and 50 pL of deca-CB and TCMX internal standards were
added the modified QuUEChERS extraction method is shown in Figure 1. The blank samples
(soils without PCBs) were treated the same way, but without the PCB standard solution.
The experiments were replicated three times.

Extraction Clean-up
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Add 5 g of soil sample mg of diatomaceous earth

15 ml of ((a:etemtnle/wate>
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Figure 1. Schematic illustration of the modified QUEChERS extraction method.

2.5. Method Validation

The analytical parameters used to validate the method for analyzing PCBs include
linearity, limit of detection (LOD), limit of quantification (LOQ), relative standard devia-
tion (RSD), and recovery. The linearity of the relationship between concentration and
peak area was determined by analyzing standard PCB solutions. Calibration curves
used 6 standard solutions in the concentration range of 0.32-10 ng/mL for Aroclor
1254 in triplicate. LOD and LOQ were calculated using the formulas LOD = 3.3 SD of
intercept/slope and LOQ =10 SD of intercept/slope. Precision was evaluated by measuring
the inter-day and intra-day variability at two concentration levels within the linearity range,
with three replicates on the same day or on three different days. Recovery was assessed by
performing a study at two concentration levels within the linearity range to evaluate the
accuracy of the GC-MS method. The results of these analytical parameters are presented in
the results section of the study.

3. Results and Discussion
3.1. Optimization of Extraction Solvent Conditions

For the purpose of this study, Aroclor 1254 was selected to be analyzed in soil samples.
QUuEChERS has been utilized in several studies to measure a variety of pollutants, including
pesticides in soil samples [32,33], aromatic organochlorines [34], veterinary products, and
pharmaceuticals [35,36]. In spite of this, the method has not been extensively used in the
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extraction of Aroclor 1254 from soil. The QUEChERS method should be optimized in order
to obtain the best recovery. Several related parameters, including water effect, solvent
effect, and solvent volume effect, were optimized.

A traditional QUEChERS extraction was performed with samples containing a high
moisture content. Additionally, the QUEChERS method has been modified [37-39]. Hu-
midity is an important factor when preparing soil samples [40,41]. It was necessary to
add ultrapure water to soil samples in order to ensure moisture content and to improve
the recovery of PCBs from soil samples. To achieve high extraction efficiency, different
amounts of water (3, 5, 7, and 10 mL) were tested. According to the results, maximum peak
intensity and maximum recovery were achieved with 5 and 7 mL of water; as the amount
of water increases, peak intensity decreases (see Figure 2a). For the additional experiment
we utilized 5 mL.

T T T r
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a 1004 [ ] Hexane b
- . 1 ~ 804
S £
@ 60+ 1 E 60 -
>
2 o
3 %]
9 Q
g 40 - B x 40 -
©
20 i 20
0
0+
o Q©
N N N o° (3%
IS o A€ A0

Concentration of Aroclor 1254
Volume of water (ml)

Recoverery (%)

20 B
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Figure 2. (a) The effect of water addition on extraction efficiency for the target Aroclor 1254 at
10 ng/mL; (b) the effect of acetonitrile and hexane as extraction solvents for the target Aroclor 1254 at
5ng/mL and 10 ng/mL (n = 3); (c) the effects of different solvent volumes for the target Aroclor 1254
at 10 ng/mL (n = 3).

Extraction efficiency is highly dependent on the solvent used for extraction. In addition,
the solvent must be less costly, compatible with analytical instruments, and eco-friendly [42].
To determine the most suitable solvent for the extraction of PCBs from soil samples, two
different solvents were used: acetonitrile and hexane in combination with water. The
original QUEChERS method used acetonitrile as the extract solvent, as did many other
studies involving QUEChERS procedures [24]. Therefore, this solvent was chosen for use
in the present study as one of the solvents, while hexane was chosen as the other solvent
since it is commonly used to extract PCBs from soil [43], although it is less eco-friendly. As
shown in Figure 2b, recovery rates of PCBs in the acetonitrile extraction were 85.53-102.72%,
showing better efficiency, the production of cleaner extracts, and overall higher recoveries
for PCBs than the hexane extraction. In this study, acetonitrile was found to be the most
suitable extraction solvent, as it extracts a lower amount of the matrix, which is consistent
with the findings of the previous study [31,44].
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Furthermore, the volume of solvent used is critical for effective recovery, and there
should be enough solvent to allow the sample to be fully immersed and interact with the
analyte. Various amounts of acetonitrile, including 3, 5, 7, 10, and 15 mL were tested, and
it was found that 10mL of acetonitrile yielded the highest peak intensity and recovery,
as depicted in Figure 2c. Acetonitrile is considered to be a more selective solvent and
produces a cleaner chromatogram compared to most other solvents used in the QUEChERS
technique [45]. When compared to other solvents utilized in QUEChERS, ACN separates
from water more effectively in the presence of salts, producing good phase separation,
which inhibits polar matrix interaction [46].

3.2. Optimization of Physical Extraction Condition

In this study, the effects of shaking time, centrifuge time, and speed were optimized
and discussed. Several methods, including laboratory shakers, manual shakers, and
vortexes, have been commonly used to extract targets from the soil. However, due to
the strong binding characteristics of the soil, manual shaking for one minute, which was
sufficient for the analysis of pesticides in fruits and vegetables according to the original
QuEChERS method, resulted in lower recovery rates in this study. [24,47,48]. To compare
the efficacy of manual shaking and vortex extraction, various extraction times ranging
from 1 to 6 min were evaluated. The results showed that the recovery obtained with vortex
extraction was higher than that obtained with manual shaking. Additionally, it was found
that increasing the intensity of shaking was beneficial in breaking the strong interactions
between analytes and matrix, resulting in improved extraction. Based on these findings,
vortex extraction was selected as the preferred method of extraction for the targets from
soil in this study. As shown in Figure 3a, the optimal extraction time for the removal of
target PCBs from soil was found to be 4 min, and extending the extraction time beyond this
did not improve recovery rate.
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Figure 3. (a) Effect of shaking: 4 min, 15 mL of acetonitrile/water (75%:25%, v/v), 5 g of soil, 4 g
MgSOy, 1 NaCl. (b) Effect of centrifuge time: 4500 rpm, 15 mL of acetonitrile/water (75%:25%, v/v),
5 g of soil, 4 g MgSOy, 1 NaCl. (c) Effect of speed: 10 min, 15 mL of acetonitrile/water (75%:25%,
v/v), 5 g of soil, 4 g MgSO,, 1 NaCl. (d) Comparison of recovery rates for different sorbents in the
QuEChERS extraction method (n = 3). The conditions for the experiment were: 5 g of soil, 15 mL of
acetonitrile/water (75%:25%, v/v), 4 g of MgSQOy, 1 g of NaCl, 4500 rpm.
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There was a significant effect on centrifugation time and rate. In addition, different
extraction times (1, 5, and 10 min) and rates (1500, 4500, and 5000 rpm) were investigated
for 5 and 10 ng/mL concentration levels for PCB extraction. The results shown in Figure 3b
indicate that excellent recovery of PCBs was achieved at 10 min, which was chosen as the
optimal centrifugation time. A centrifuge of 4500 rpm was found to be sufficient to obtain
good recovery of PCBs (Figure 3c). Using a centrifuge facilitates increased contact between
the solvent and the soil sample, which improves dissolution of the analyte [49,50] and
reduces the extraction time.

As part of the preparation of complex matrixes such as soil, a clean-up step was
necessary in order to reduce interference, improve quantification, and avoid disturbing
the signal on the chromatographic system [51]. In addition to traditional sorbents used
in the clean-up step of QUEChERS extraction from soil samples, C18 and PSA, diatoma-
ceous earth was also used as alternative sorbents [52,53]; they were less expensive and
more eco-friendly than the traditional ones, but have not been extensively investigated
in d-SPE [52]. As shown in Figure 3d, the sorbent has different effects on recovery and
selectivity, and to achieve a satisfactory level of purification and recovery of PCBs, the
effects of sorbent types were evaluated. The PSA retains a wide range of polar substances,
including sugars, organic acids, and fatty acids. In addition, the nonpolar adsorbent, C18,
retains trace amounts of nonpolar co-extractives and is capable of removing long chain
fatty compounds and sterols from the extract. When PSA is used in conjunction with C18,
additional lipids and sterols can be removed [53]. Diatomaceous earth consists of natural
silica (510, nH,O), with traces of metal oxides of specific structures, and its proposed use is
as a simple alternative material and an environmentally-friendly natural sorbent [54]. The
use of diatomaceous earth improved phase separation during QUEChERS extraction. Cal-
culations of the differences between spiked and blank soil samples were used to determine
recovery rates.

3.3. Method Validation

Under optimized extraction and clean-up conditions, we studied analytical parame-
ters such as selectivity, linearity, LOD, LOQ, precision, and recovery. In order to evaluate
the selectivity of the method, a blank sample was extracted by the optimized QuECh-
ERS method, and positive samples were confirmed by GC-MS (Figure 4A). This confirms
that the method has good selectivity, as no peaks interfered with analyte retention time.
A standard calibration curve (Figure 4B) has been prepared using concentrations rang-
ing from 0.31 to 10 ng/mL (0.31, 0.65, 1.25, 2.5, 5, 10 ng/mL) of Aroclor 1254 with a
coefficient of determination R? of 0.9933; the linear regression equation fit is shown as
(Y = 38,098 (x) — 26,023). The limit of detection (LOD) and limit of quantification (LOQ)
were calculated based on three and ten times the standard deviation, respectively. The LOD
value was 1.9 ng/mL and the LOQ value was 5.7 ng/mL, which indicated good sensitivity
of this method.
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Figure 4. (A) GC analysis for the blank sample. (B) GC-MS calibration curve for standard Aroclor 1254.
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3.4. Analysis of Aroclor 1254 in Spiked Soil Samples (Recovery and Precision)

The validation of a method is crucial to ensure that the results obtained are accurate
and reliable. In the case of analyzing Aroclor 1254 in soil samples, sample spikes were used
to improve the validation of the method. Two different levels of Aroclor 1254 standard
solution were spiked into the soil samples at 5 and 10 pg/kg levels. The spiked samples
were run in triplicate to evaluate the precision and repeatability of the assay. The RSD%
was used to determine the precision, which was evaluated using two parameters: intra-day
(repeatability) and inter-day precision. Repeatability was assessed by analyzing three
replicates of soil samples spiked at two levels (5 and 10 ug/kg) on the same day, while
inter-day precision was determined by analyzing samples on three different days over a
period of two weeks.

The results of the analysis showed that the recovery of Aroclor 1254 from soil samples
ranged from 95.3% to 103.2%, indicating the accuracy of the method. The RSD for inter-day
precision ranged from 3.6% to 5.8%, while that for intra-day precision ranged from 2.1%
to 4%, indicating the repeatability of the method. The developed modified QUEChERS
method was compared with other recent studies in the literature, as demonstrated in Table 1.
The present work shows great recovery value due to the use of different extraction solvents,
which has a significant impact on the level of PCBs extraction from soil. Additionally,
the comparison for blank (in black) and soil sample (in red) for 10 pg/kg and 5 pg/kg
concentrations are presented in Figure 5, which further supports the accuracy and reliability
of the modified QUEChERS and GC-MS methods for analyzing Aroclor 1254 in soil samples.
These findings are important for environmental studies and risk assessments, as accurate
analysis of pollutants in soil is necessary for identifying potential risks and implementing
effective mitigation strategies.

Table 1. Comparison of the present study with other studies. For the present work recovery and RSD
was included at different Aroclor 1254 concentrations in soil samples (n = 3).

Sample Extraction Added (ug/kg) Intra-Day (RSD%) Inter-Day (RSD%) Recovery (%) Reference
Water acetonitrile 8 (ng /L) >15% - 90-95% [54]
Shrimp water/MeCN * 1,5,10 >20% - 70-115% [55]
water/Ace/Hex *
Sedimen or 50 >15% - 76-131% [56]
wter/Ace/DCM *
Soil Water/acetonitrile 5 4 5.8 103.2% Present work
Soil water/acetonitrile 10 2.1 3.6 95.3% Present work

* MeCN (Acetonitrile), Ace (Acetone), Hex (Hexane), DCM (Dichloromethane).
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Figure 5. (A) GC/MS Total ion chromatogram of Aroclor 1254 (red line) and the blank (black line) for
10 pg /kg soil sample after QUEChERS extraction. (B) GC/MS Total ion chromatogram of Aroclor
1254 (red line) and the blank (black line) for 5 ug /kg soil sample after QUEChERS extraction.

4. Conclusions

In this study, we have utilized a modified QuEChERS method, combined with GC-MS
analysis, to analyze Aroclor 1254 in soil samples. This novel method has several advantages
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over traditional techniques, including its simplicity, cost-effectiveness, eco-friendliness,
and minimal solvent extraction. We have modified the sample pretreatment procedure by
incorporating vortex shaking, a mixed solvent (either acetonitrile/water or hexane/water),
and three adsorbents (PSA, C18, and diatomaceous earth) for the cleaning process. We have
found that the best results were obtained when water/acetonitrile and diatomaceous earth
were used. The method demonstrated excellent accuracy, linearity, LOD, LOQ, intra-day
precision, and inter-day precision. Specifically, the recovery was in the range of 95.3-103.2%,
correlation coefficients were higher than 0.98, the limit of detection (LOD) was 1.9 pg/kg,
and the limit of quantification (LOQ) was 5.7 ug/kg, intra-day precision varied between
2.1% and 4%, and inter-day precision was between 3.6% and 5.8%.

This optimized method offers several advantages over traditional techniques, includ-
ing a reduction in overall analysis time, an avoidance of the use of large levels of non-eco-
friendly solvents, increased sensitivity, rapid results, and a reduction in the consumption of
organic reagents. Compared to other common extraction methods, this streamlined proce-
dure offers an efficient and effective technique for monitoring PCBs in the environment.
Moreover, this technique has the potential to be applied to a wider range of sample types
and applications, making it an even more valuable tool for environmental monitoring.
Overall, the study provides a significant contribution to the field of analytical chemistry
and environmental science, demonstrating a novel and effective method for analyzing
Aroclor 1254 in soil samples.
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