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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].
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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 pL 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).
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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).

4 Bare gold
70+ A - ——11-MUA SAM B
1 | ——EDCmHs 1
60 ——ABs immobilisation

%\ 50 -| i
g = 0] 1
g 407 13
3 i =1
30 - o
104 4
20 ]
104
-20 T T T T T
0.2 0.0 0.2 04 06
Time(days) Potential (V vs Ag/AgCI)
20,000 T T T T 1200 . . . .
= 11-MUA SAM | PAPP injection
] —@— BSA-Arcoler1254
—&— EDC/NHS 1000 4
C —%— bare gold - 4
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:9, b4 é 600
N N 5 7
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Z(@

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.



Chemosensors 2021, 9, 307

13 of 16

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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