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Introduction

Development of two highly sensitive and selective
sensor-assisted fluorescence immunoassays for
trace determination of copper residues in food
samples

Ibrahim A. Darwish, & *2 Zongzhi Wang,? Ryhan J. Darling®
and Nourah Z. Alzoman &2

This study describes the development of two highly sensitive and selective sensor-assisted fluorescence
immunoassays for the trace determination of copper ions, Cu(i) residues, in food samples. These assays
were the microwell-based fluoroimmuoassay (FIA) and the kinetic exclusion assay (KinExA). FIA and
KinEXA were assisted by a microplate reader and a KinExA™ 3200 immunosensor, respectively. Both FIA
and KinExA were developed utilizing the same antibody, capturing reagent, and fluorescence signal-
generating reagent. The antibody was a mouse monoclonal antibody, designated as 8D66, that
specifically recognized the Cu(i)—ethylenediaminetetraacetic acid complex (Cu(i)—EDTA) but did not
recognize Cu(n)-free EDTA. The capturing reagent was Cu(i)—EDTA covalently linked to bovine serum
albumin protein (Cu(n)—EDTA-BSA). The fluorescence-generating reagent was an anti-mouse 1gG
conjugated with fluorescein isothiocyanate (IgG-FITC). Both FIA and KinExA involved competitive
binding reactions between Cu(i)—EDTA complexes, formed in the sample solution, and Cu(i)—EDTA-BSA
conjugate which has been immobilized onto microwell fluorescence assay plates (in FIA) or
polymethylmethacrylate beads (in KinExA) for a limited quantity of binding sites of 8D66 antibody. The
conditions of both FIA and KinExA were investigated, and the optimum procedures were established.
Both FIA and KinExA were validated, and all validation parameters were acceptable. Many different metal
ions that are commonly encountered in food samples did not interfere with Cu(i) analysis by both FIA
and KinExA. Both assays were applied to the determination of Cu(i) in food samples with satisfactory
accuracy and precision. Both assays were compared favorably with inductively coupled plasma atomic
emission spectroscopy. Comparative evaluation of FIA and KinExXA revealed that KinExA had higher
sensitivity and better precision than FIA, whereas, both assays had comparable accuracy. Both FIA and
KinExA were superior to the existing atomic spectrometric methods for Cu(i). The proposed FIA and
KinEXA are anticipated to effectively contribute to assessing Cu(i) concentrations and controlling the
exposure of humans to its potential toxicities.

intake."* In some countries, copper salts are added to drinking
water to control the growth of algae.® In addition, copper

Copper is an essential trace element for the life of both
mammals and plants. It plays an important role in the function
of several enzymes controlling carbohydrate and lipid metabo-
lism. Dietary copper comes from organ meats, green leafy
vegetables, some fruits, and nuts. Foods, including drinking
water, are considered as a potential major source of copper

“Department of Pharmaceutical Chemistry, College of Pharmacy, King Saud University,
P.O. Box 2457, Riyadh 11451, Saudi Arabia. E-mail: idarwish@ksu.edu.sa; Fax: +966-
114676220; Tel: +966-114677348

*State Key Laboratory of Freshwater Ecology and Biotechnology, Institute of
Hydrobiology, Chinese Academy of Sciences, Wuhan, China

‘Department of Biochemistry, Medical College of Wisconsin, Milwaukee, WI 53226,
USA

© 2023 The Author(s). Published by the Royal Society of Chemistry

compounds are encountered and used on many crops that
might be fed to livestock and may also exist in feed supplies and
products for which no Good Agricultural Practices (GAPs) are
authorized. Thus, the dietary loads highly exceed the safe
trigger value for all groups of livestock. For the same reason, the
residue definition for livestock products can be defined as total
copper for both enforcement and risk assessment without
requiring further studies. This residue definition includes
copper residues arising from all forms of copper.* Furthermore,
high copper concentrations have been widely used in animal
feeds as an efficient and inexpensive growth promoter.®

For these reasons, human exposure to high doses of copper
from foods is expected. Human exposure to copper-overload is
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associated with acute gastrointestinal upsets,® severe liver
necrosis, hepatic failure and carcinogenesis, culminating in
Wilson's disease,” Indian childhood cirrhosis,*® and idiopathic
toxicosis.' The presence of high concentrations of copper ions
in vivo can change the redox system of cells causing toxicity,"
damaging DNA, proteins, and lipids.** High concentrations of
copper ions can non-specifically react with some amino acid
residues leading to misfolding of proteins' structures.” Free
copper ions also compete with other substances involved in the
functions of some enzymes resulting in disrupting their normal
functions.' In addition, the accumulation of copper in human
body contribute to atherosclerosis and rapid cell aging posing
a huge concern to public health.”>*” Furthermore, excretion of
copper from livestock causes soil deterioration and water
pollution which can negatively affect the growth rate of
plants**>* and pose ecological concerns.*>*

Reduction of human exposure to copper is one of the main
objectives of hygienists and public authorities. Various
attempts have been made to determine a safe concentration of
copper in foods, and health-based safety guideline values and
maximum allowable limits in human serum. These guidelines
have been mandated by legislation of several countries, the
World Health Organization (WHO). The Safe Drinking Water
Act (section 1412) required the U.S. Environmental Protection
Agency (EPA) to establish and publish maximum-contaminant-
level goals and promulgate national primary food regulations
for contaminants that might cause any adverse effect on human
health. The Food and Nutrition Board (FNB) recommended
a daily dietary copper intake for adults at 1.5-3.0 mg per day.
EPA and WHO stated a maximum-residue limit (MRL) of safe
copper in drinking water at 1.3 and 2 mg mL™", respectively.
This guideline was issued by the Joint Food and Agriculture
Organization (FAO)/WHO Expert Committee on Food Addi-
tives.> The European Union (EU) has established MRLs for
various food products, including copper. According to
Commission Regulation (EC) No. 1881/2006, the MRL for
copper in most foodstuffs is set at 1 mg kg~" (milligrams per
kilogram). However, in certain specific food products like liver
and other offal, the MRL can be as high as 10 mg kg™". United
States EPA sets tolerances for copper in or on food of 0.1 ppm
(parts per million) for copper residues in fruits, nuts, and
vegetables. The Codex Alimentarius Commission, jointly
established by FAO and WHO, develops international standards
for food safety. The Codex has set a general MRL of 1 mg kg
for copper in most food products.*

In response to these health concerns, many governmental
health authorities requested researchers and administrators to
conduct comprehensive studies for the effects of copper in
foods on human health. The availability of appropriate sensitive
and selective analytical techniques that could provide near real
time data on copper levels in food samples could ultimately
reduce the incidence of copper intoxication in humans.
Different analytical techniques and methods are recommended
for foods compliance monitoring of copper and other secondary
contaminants.”*” Of the methods, inductively coupled plasma
atomic emission spectroscopy (ICP-AES) is the most commonly
employed. This technique usually provides reasonable
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sensitivity; however, the analysis usually needs a large sample
volume to ensure adequate sensitivity. In addition, the number
of samples that can be analyzed is limited by the fact that
samples are analyzed one at a time. Therefore, the sample
turnaround time is relatively slow, and the method is not
adapting to screening of large number of samples.

Immunoassays are a better alternative for elemental anal-
ysis. This methodology is attractive to local and governmental
agencies because they have significant advantages over the
traditional methods. They are remarkably quick, easily per-
formed, reasonably portable to the analysis site, require
minimum sample pretreatment, and have high throughput.
Furthermore, studies have shown that the use of immunoassays
can reduce analysis costs by 50% or even more.”® Inmunoassays
were successfully established in recent years for metal ions as
far suitable antibodies could be generated. The generation of
antibodies for metal ions involved the use of bifunctional
chelating agents for metal ions and the resulting metal chelates
could be covalently linked to carrier proteins. The metal
chelate-protein conjugates showed distinct unique antigenic
properties which could be used to generate monoclonal anti-
bodies directed to metal ions.*>* Microwell-based fluorescence
(FIA) is one of the most dominant immunoassays. Kinetic
exclusion assays (KinExA) employing KinExA™ immunosensor
offered the same advantages of FIA besides the convenience of
automated analysis. Fluorescence immunochromatographic
assay has been described for determination of copper ions in
herbal plants and soil samples;* however, the assay has not
been validated for food samples, and it suffers from the
procedure convenience. KinExA has not been described yet for
copper ions in food samples.

The present study describes the development of new FIA and
KinExA with high sensitivity and specificity for the trace deter-
mination of Cu(u) in different food samples at concentrations as
low as 0.2 and 0.05 ng mL ™" for FIA and KinExA, respectively.

Experimental
Instruments

FLx800 fluorescence microplate reader and ELx 50 automatic
microplate strip washer were products of Bio-Tek Instruments
Inc. (Winooski, USA). KinExA™ 3200 immunosensor was ob-
tained from Sapidyne Instruments Inc. (Boise, ID, USA). Model
MINI/18 Incubator (Genlab Ltd, Widnes, UK). Milli-Q water
purification system (Labo, Millipore Ltd, Bedford, USA). UV-
1601 PC double beam spectrophotometer (Shimadzu, Kyoto,
Japan). Nutating mixer (Taitec, Saitama-ken, Japan).

Materials

Atomic absorption spectroscopy standard metals (1000 mg L™*
in 2% HNOj;) were obtained from PerkinElmer Co. (Norwalk,
CT, USA). 1-(4-Isothiocyanobenzyl)-ethylenediamine-N,N,N',N'-
tetraacetic acid (ITCB-EDTA) was purchased from Dojindo
Laboratories (Gaithersburg, MD, USA). Ultrapure bovine serum
albumin (BSA) was purchased from Boehringer Mannheim
Biochemicals (Indianapolis, IN, USA).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Ethylenediaminetetraacetic acid (EDTA). 8D66 monoclonal
antibody recognizing Cu(u)-EDTA was generated by fusion of
spleen cells of an immunized BALB/c mouse with SP2/0-Ag14
myeloma cells. The immunogen was a protein conjugate of
Cu(u)-EDTA with keyhole limpet hemocyanin protein, Cu(u)-
EDTA-KLH. The IC50 values of this antibody were 0.5 and 2 ng
mL ™", as determined by ELISA and KinExA, respectively. The
antibody was highly specific for Cu(u)-EDTA complex among
many other metal-EDTA complexes; the highest observed cross
reactivity (12.9%) occurred by Zn(u)-EDTA complexes. The
details for preparation and characterization of 8D66 mono-
clonal antibody has been submitted for publication elsewhere.
Goat anti-mouse IgG conjugated with fluorescein
thiocyanate (IgG-FITC) was purchased from Sigma-Aldrich
Chemical Co. (St. Louis, MO, USA). White opaque high-
binding microwell plates with flat bottom were a product of
Corning/Costar, Inc. (Cambridge, MA). Polymethylmethacrylate
(PMMA) beads (140-170 mesh, 98 pm) were acquired from
Sapidyne Instruments Inc. (Boise, ID, USA). Metal-free dispos-
able pipette tips were a product of Oxford Labware, Inc. (St.
Louis, MO, USA). All glassware was washed with mixed HCl/
HNO; acids and liberally rinsed with purified deionized water.
All plastic wares were soaked overnight in 3 M HCI and rinsed
with purified deionized water before use.

iso-

Preparation of Cu(u)-EDTA-BSA conjugate

Conjugate of Cu(u)-EDTA with BSA Cu(u)-EDTA-BSA was
prepared by a modification of the method previously reported.*
Briefly, a solution of ITCBE (2.7 mM, in 0.1 M sodium phos-
phate buffer, pH 9.5). Aliquot (1 mL) of ITCBE solution was
mixed with equal volume of copper nitrate solution (2.7 mM, in
50 mM phosphate buffer, pH 9.5). BSA solution (2 mL, 20 mg
mL ™", in 0.1 M sodium phosphate buffer, pH 9.5) was added.
The pH of the reaction mixture was maintained at pH 9.5 for
30 min by addition of KOH when necessary. The reactions were
stirred overnight at 25 °C. The unreacted low molecular weight
components (Cu(u) and EDTA) were removed by buffer
exchange using a Centricon-30 filter that had been treated with
100 mM EDTA solution and liberally rinsed with water before
use. Protein concentrations of the conjugates were determined
using BCA Kkit,* and the extent of substitution of free amino
groups on the protein was determined by estimation of free
amino groups before and after the conjugation reaction.**

Analysis of Cu(u) by FIA

FIA plates were coated with Cu(u)-EDTA-BSA conjugate (2 pg
mL ", in HBS) for 2 h at 37 and blocked with BSA (2%, w/v, in
HBS) for 0.5 at °C, and blocked with BSA (2%, w/v, in HBS, pH 7)
for 0.5 h at 37 °C. The detailed procedures of coating and
blocking were described in a previous report.’” Food samples
were prepared as described in previous reports.>”**** and the
sample solutions were conditioned by the addition of a 10%
volume of HBS containing EDTA (10 mM). Aliquot of the diluted
samples were mixed (1:1) with 8D66 monoclonal antibody
solution (0.25 pg mL~" in HBS), and 50 L of the mixture was
transferred to each well of the plates. After incubation for 0.5 h
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at 37 °C, the plates were washed as described above. The
amount of bound 8D66 antibody was quantified using adding
50 uL of IgG-FITC (1 pg mL™ "), and the fluorescence signals
were measured by a fluorescence microplate reader. Standard
curves for Cu(u) were obtained using the same procedure on
plates of the same series. Values for IC5, were calculated using
the following equation:

B = By — {(Bo — B)[Cu()/(ICso + [Cu(m)])}

where B is the binding (%) at a definite known concentration of
soluble Cu(u), B, is the binding (%) in the absence of Cu(u), B, is
the binding (%) at the saturating concentration of Cu(u), and
ICs is the Cu(u) concentration that produces a 50% inhibition
of the binding. The concentrations of Cu(u) in the samples were
then computed by the fitting equation.

Analysis of Cu(u) by KinExA

The features of KinExXA™ 3200 immunosensor and its running
have been described in a previous report.’” PMMA beads were
coated with Cu(u)-EDTA-BSA (1 pg mL '), blocked with BSA
(2%, w/v, in HBS) and loaded into the flow cell of instrument by
following the procedures described in a previous report.*” Food
sample solutions (prepared in HBS buffer of pH 7.4) containing
10 mM EDTA were pre-equilibrated with 8D66 antibody (0.25 pg
mL~", in HBS buffer, pH 7.4). The pre-equilibrated samples (500
uL) were withdrawn by the instrument and passed through
PMMA beads coated with Cu(u)-EDTA-BSA and located in the
flow cell of the instrument for 120 s at a flow rate of 0.25
mL min~". After running of the samples, any unbound reagents
were washed out by passing PBS through the beads. A 500 pL of
IgG-FITC (0.25 pg mL~") was drawn and passed through the
beads for 120 s at the same flow rate. Unbound IgG-FITC was
subsequently removed by passing 1.5 mL of HBS through
PMMA beads for 90 s at a flow rate of 1 mL min~". The bound
IgG-FITC was assessed by means of measuring the fluorescence
intensity. The data were transformed from the KinExA Pro
20.0.1.26 software to a four-parameter curve fitting using Slide
Write software, version 5.011 (Advanced Graphics Software,
Inc., Rancho Santa Fe, CA, USA).

Results and discussion
Description of FIA and KinExA

This study describes the development of FIA and KinExA for
trace determination of Cu(u) in food samples. The features and
steps of FIA and KinExA are illustrated in Fig. 1.

FIA involved 4 main steps (A)-(D), Fig. 1. (A) Sample con-
taining Cu(u) is diluted with buffer containing a molar excess of
metal-free EDTA, to form Cu(u)-EDTA complexes. (B) The
solution containing the excess EDTA and Cu(u)-EDTA
complexes is mixed with antibody in microwell of FIA plates
coated with Cu(u)-EDTA-BSA conjugate. The Cu(u)-EDTA
complex, in solution, competes with the immobilized Cu(u)-
EDTA-BSA conjugate for a limited amount of antibody binding
sites. (C) After a wash step, IgG-FITC is added and allowed to
bind to the anti-Cu(u)-EDTA antibody. A second wash step is

RSC Adv, 2023, 13, 29195-29205 | 29197
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Fig. 1 Schematic diagram for the proposed FIA and KinExA for determination of Cu(n) in food samples.

applied to remove any unbound IgG-FITC. (D) Fluorescence
signals are measured and plotted as the corresponding Cu(u)
concentrations. The 4-parameter equation fit of the data is used
for calculating the Cu(un) concentrations in the sample
solutions.

KinExA is an automated flow fluorescent competitive assay;
the details of KinExA™ 3200 immunosensor setup and opera-
tion have been described in a previous study.’” In KinExA,
a mixture of Cu(u)-EDTA and its specific antibody is equili-
brated to form immune complex (A). (B) The immune complex
solution is automatically drawn by the instrument and passed
rapidly through the flow cell containing the PMMA beads coated
with Cu(n)-EDTA-BSA conjugate. During the flow of the
mixture, the free antibody molecules bind to the immobilized
Cu(un)-EDTA-BSA; however, those bound to free Cu(u)-EDTA (in
solution) do not. Since the flow of the mixture is rapid, insig-
nificant dissociation of the immune complex happens during
the flow. Accordingly, the bound anti-Cu(u)-EDTA antibody
molecules were kinetically excluded from the binding to the
immobilized Cu(u)-EDTA-BSA. (C) The quantity of the anti-
Cu(n)-EDTA antibody captured by the immobilized Cu(u)-
EDTA-BSA is then quantified by IgG-FITC second antibody. The
fluorescence intensity is continuously monitored by the
photodiode of the KinExA™ 3200 system hardware. (D)
Fluorescence-time curves (KinExAgrams) are generated. Curve 1
corresponds to zero of Cu(u) concentration; curve 6 corresponds
to a saturating Cu(u) concentration. Curves 2-5 correspond to
the concentrations of Cu(u) between zero and saturation. Arrow
1 indicates the introduction of IgG-FITC and arrow 2 indicates
its cessation and initiation of a second buffer wash. The net
fluorescence intensities measured on the PMMA beads coated

29198 | RSC Adv, 2023, 13, 29195-29205

with Cu(u)-EDTA-BSA are inversely correlated with Cu(u)
concentrations in the original samples.

Preparation and characterization of Cu(u)-EDTA-BSA
conjugate

The preparation of Cu(u)-EDTA-BSA conjugate is illustrated in
Fig. 2. The bifunctional 1-(4-isothiocyanobenzyl)-ethylenedi-
amine-N,N,N’,N-tetraacetic acid (ITCBE) chelator was first used
to form Cu(u) chelate via its tetraacetic acid groups. This chelate

Cu(II) /(‘()()H
\

X & OOH o
N -/ ) P 4 N\ X R
/—‘< W ’/ \"' J~ Q
~N { N=C=S  H,N" ' O
HOOC ) \_\:J I
HOOC 0
ITCB-EDTA BSA

0.1 M phosphate
buffer, pH 9.5
COO" "00C

VACTRN

{_-00C  COO°

N / R HN
—</ \>—\ﬁ

Cu(IT)-EDTA-BSA Conjugate

Fig. 2 Preparation of Cu()—EDTA—-protein conjugates. ITCB-EDTA is
1-(4-isothiocyanobenzyl)-ethylenediamine-N,N,N',N’'-tetraacetic
acid. Protein was BSA and KLH.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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was coupled via reaction of the isothiocyanate group of ITCBE
with the amino group residues on BSA protein. ITCBE is
a modified form of EDTA that incorporates an isothiocyanate
benzyl group. While both ITCBE and EDTA are chelating agents
capable of forming complexes with metal ions, ITCBE offers the
additional functionality and reactivity provided by the iso-
thiocyanate benzyl group through which a protein molecule can
be linked producing EDTA-protein conjugate. The use of EDTA
instead will lead to chelating Cu(u) and forming Cu(u)-EDTA
complex; however, the complex could not be linked to BSA
protein. In order to ascertain the formation of the conjugate,
colorimetric reaction involving amino groups residues of BSA
was conducted on a definite concentration of the conjugate and
on the same concentration of unconjugated BSA. The reaction
was carried out as described in a previous report.** The relative
reduction of color signal (%) was attributed to the contribution
of amino groups in the conjugation. The extent of conjugation
of BSA with Cu(u)-EDTA was found to be 20.6%. It is wise to
mention that this extent of conjugation was adequate for use as
a capturing agent. This assumption was supported by previous
study which demonstrated the successful use of protein
conjugate at lower extent (15%).**

Optimization of FIA conditions

Selection of Cu(u)-EDTA-BSA and 8D66 concentrations. In
FIA, Cu(u) was quantified by its ability to inhibit the binding of
8D66 antibody to the immobilized Cu(u)-EDTA-BSA conjugates
in a competitive fashion. Therefore, the amount of 8D66 anti-
body should be limited for the particular quantity of the
immobilized Cu(un)-EDTA-BSA conjugate to accomplish an
efficient competition and achieve highly sensitive assay. To
determine the best concentrations of Cu(u)-EDTA-BSA conju-
gate required for immobilization onto microwell and that of
8D66 antibody required for efficient competition, a series of
competitive reactions were conducted using varying concen-
trations of Cu(u)-EDTA-BSA conjugate and 8D66 antibody, and
1C5o value was determined in each case. The obtained ICs,
values were plotted as a function of both Cu(un)-EDTA-BSA and
8D66 antibody (Fig. 3A). It was generally noticed that the ICs,
decreases as the 8D66 antibody concentration decreases at
a fixed concentration of Cu(u)-EDTA-BSA conjugate. Likewise,
IC5, decreases as the concentration of Cu(u)-EDTA-BSA conju-
gate decreases at a fixed dilution of 8 D66 antibody. The
smallest IC5, values (highest assay sensitivity) were achieved
when the concentration of CZT-BSA conjugate was 2 pug mL ™",
and that of 8D66 antibody was 0.25 ug mL™".

Coating of Cu(u)-EDTA-BSA and blocking of plate wells. For
choosing the best buffer solution used for coating of Cu(u)-
EDTA-BSA conjugate onto the assay plate wells, three different
buffer solutions of different pH values were studied. These
buffer solutions were phosphate buffer of pH 7.4, phosphate
buffer saline of pH 7.4, and 4-(2-hydroxyethyl)-1-piperazine
ethane sulfonic acid (HBS) buffer of pH 7. It was found that
the best buffer for optimum coating of Cu(u)-EDTA-BSA was
HBS buffer solution. Besides, the best coating was achieved
when the plates were incubated at 37 °C for 2 h.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 1Csq values that have been obtained from the FIA (A) and KinExA

(B) for Cu(n) at varying concentrations of Cu(i)-EDTA-BSA conjugate
and 8D66 antibody.

To avoid the non-specific binding of subsequently added
protein reagents, the binding sites remained on the wells after
coating with Cu(un)-EDTA-BSA should be blocked with an
appropriate blocking reagent. Among different proteins tested,
BSA was found to be the best one. Investigating the influence of
BSA concentration indicated that 100 pL of BSA solution (2%, w/
v) was adequate for optimum blocking of the wells, as demon-
strated by the very low background signals.

Competitive binding reaction and signal generation. Results
obtained from investigating the best time for competitive
binding reaction between Cu(u)-EDTA, in the sample solution,
and 8D66 antibody revealed that the effective competition
needs 0.5 h min at 37 °C to reach equilibrium, as indicated by
obtaining constant reproducible ICs, values. Longer competi-
tion time did not enhance the IC5, values. The best concentra-
tion of IgG-FITC used for generation of the fluorescence signals

RSC Adv, 2023, 13, 29195-29205 | 29199
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was found to be 0.5 ug mL ™", and its optimum binding time was
1 h at 37 °C. These refined conditions gave highest fluorescence
signals with minimum background signals. A summary of the
optimum conditions of the proposed FIA is given in Table 1.

Optimization of KinExA conditions and its running

Series of experiments were carried out for establishment of the
optimum concentrations of Cu(u)-EDTA-BSA conjugate
required for coating onto PMMA beads and that of 8D66 anti-
body for effective competitive binding reactions. The optimum
concentrations were those yielded the lowest ICs, value. These
concentrations were 1 and 0.25 pg mL™" for Cu(un)-EDTA-BSA
and 8D66 antibody, respectively (Fig. 3B). The optimum coating
of Cu(u)-EDTA-BSA on PMMA beads was achieved when the
coating time was 2 h at 37 °C. The other experimental condi-
tions were also optimized, and the optimum values are given in
Table 1. Under these optimum conditions, the KinExAgram
(instrument response as a function of time) for running varying
concentrations of Cu(m) (0.02-5 ng mL ™~ ') was generated (Fig. 4).
The segment of the KinExAgram from 0-165 s corresponds to
the background signals which generated while the flow of
immune complex solution through PMMA beads located in the
instrument flow cell. The segment from 166-280 s corresponds
to the flow of IgG-FITC through the beads and its capturing by
8D66 antibody which has already been captured by Cu(u)-
EDTA-BSA coated onto PMMA beads. This process is followed
by a washing step at 281-385 s to remove any excess of [gG-FITC
molecules trapped onto the beads. Accordingly, the most top
curve in the KinExAgram (Fig. 4A and B) corresponds to the
blank solution (0 concentration of Cu(u)), and the most bottom

Table1 Summary for optimum parameters and conditions of FIA and
KinExA for Cu(i) in food samples

Optimum
Parameter/condition value
FIA
Coating Cu(n)-EDTA-BSA conc. (ug mL ") 2
Coating buffer HBS
Coating time (h)/temperature (°C) 2/37
BSA concentration for blocking (%, w/v) 2
Blocking with BSA: time (h)/temperature (°C) 0.5/37
Concentration of EDTA (mM) 10
8D66 antibody concentration (ug mL ™) 0.25
Binding of 8D66 antibody: time (h)/temperature (°C) 0.5/37

IgG-FITC concentration (ug mL ") 0.5

Binding of IgG-FITC: time (h)/temperature (°C) 1/37
KinExA

Coated Cu(n)-EDTA-BSA (ng mL ™) 1
Volume of beads suspension (uL) 583
Flow rate of beads suspension (mL min~*) 1
Time of beads drawing (s) 35
Concentration of 8D66 antibody (ug mL™") 0.25
Volume of Cu(i) sample (pL) 500
Time of samples drawing (s) 120
Concentration of IgG-FITC (ug mL ") 0.25
Volume of IgG-FITC (uL) 500
Flow rate (mL min ") 0.25
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Fig. 4 Panel (A): real raw trend-line fluorescence responses (KinE-
xAgram) obtained by the KinExA™ 3200 instrument for varying
concentrations of Cu(i) (0.01-500 pg mL™Y). Panel (B): the same
signals; however, they are presented on a different scale for the
fluorescence (volts).

one corresponds to the highest Cu(u) concentration (5 ng
mL ).

Validation of FIA and KinExA

Calibration curves and detection limits. Calibration curve
was generated using atomic absorption grade Cu(u) at concen-
tration ranges of 0.002-500 and 0.002-100 pg mL~" for FIA and
KinExA, respectively (Fig. 5). The limits of detection, defined as
the lowest measurable concentration of Cu(u) that could be
distinguishable from zero concentration +3 SD, were deter-
mined. Based on the basis of 3 replicate measurements, the
limits of detection (LOD) were 0.2 and 0.05 ng mL~ " for FIA and
KinExA, respectively. It is wise to mention that the achieved
LOD values for both FIA and KinExA are much lower than the
maximum allowable concentrations of Cu(u) in foods (2 pg
mL~") which are recommended by the National Institute of
Health.*

Precision and recovery. Within- and between assay precision
were determined at three different levels of Cu(n) concentra-
tions. Both FIA and KinExA gave satisfactory results over all the
tested levels of concentration; the coefficients of variations did
not exceed 6.8 and 6.2% for FIA and KinExA, respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Calibration curves for determination of Cu(i) by FIA (@) and
KinExA (A). Values plotted are mean + SD of 5 and 3 determinations in
FIA and KinExA, respectively.

Analytical recoveries studies were performed by adding various
known amounts of atomic absorption grade Cu(u) to food
samples. Each sample was subsequently treated and analyzed for
Cu(u) content by both FIA and KinExA, as described in the
Experimental section. The determined concentrations were
treated according to the following equation to calculate the
resulting percent recovery: percent recovery = food sample
concentration/buffer sample concentration x 100. The analytical
recovery was 96.4-105.2 (+1.5-5.9) and 96.7-105.1 (£1.2-5.3) for
FIA and KinExA, respectively (Table 2).

Selectivity of FIA and KinExA. The selectivity of 8D66 anti-
body for determination of Cu(u) in the form of EDTA complex
has been confirmed during the selection of hydridoma
secreting 8D66 antibody. However, the selectivity of any
immunoassay is also affected by the experimental conditions
of the assay (e.g., concentrations of antibody and capture
reagents). Therefore, it was necessary to assess the selectivity
of the proposed FIA and KinExA under their operating

Table 2 Analytical recovery of Cu(i) added to food samples and
determined by the proposed FIA and KinExA

Recovery® (% + CV)

Added (ng

mL ) Water Tomato paste  Bovine liver ~Tea

FIA

1.25 105.2 £5.4 104.3 £ 2.5 101.5 £2.7 104.3 £2.8
2.5 96.4 +4.2 101.5+ 3.8 99.2 £ 4.5 102.6 4.1
5 101.8 £ 4.1 99.7 £ 4.2 96.8 £5.6 99.8 £5.2
10 98.6 +£ 5.9 97.8 £ 1.5 104.5 £ 4.8 97.4 + 3.7
20 102.6 £ 6.2 101.4 + 2.8 105.1 £3.9 101.6 £2.5
KinExA

0.25 103.5 £4.2 102.5 £5.1 99.5 + 3.8 103.5 £ 3.6
0.5 102.6 £5.3 101.6 = 4.6 98.6 £29 101.9+2.8
1 96.7 + 4.9 99.8 £ 2.8 105.1 £1.7 100.7 £ 1.2
2 102.5 + 4.8 97.9 £ 3.6 104.3 = 4.8 99.2 £ 3.7
4 97.8+4.2 104.1+4.2 101.8 £ 3.4 102.4 £4.8

% Values are mean of 3 determinations.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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conditions for Cu(u) among the other metal ions commonly
encountered in foods. The potential of interference by indi-
vidual metals was examined over a wide range of concentra-
tions. The metals examined were Zn(u), Ni(1), Hg(u), Cd(u),
Pb(u1), Mn(u), Mg(11), Fe(u), Al(u1), Ag(1), Co(u), and Ca(u). Table
3 shows the cross reactivity of different individual metal ions
in the assay. The presence of metal ions most commonly
present at a relatively high concentrations in food samples, as
Ca(u), Mg(1) and Fe(m), did not interfere with the Cu(u) assays
at concentrations as high as 200 ug mL ™. Low cross reactivity
was observed only with Zn(u), Ni(u), and Hg(u); the metal ions
present, if any, at low concentrations food samples. These
results indicated the adequate selectivity of both FIA and
KinExA for analysis of Cu(u). It is wise to mention that the
preferential affinity of 8D66 antibody to CU(i1)-EDTA complex
among the other metal ion complexes was explained based on
the following facts. It has been documented in previous
studies that monoclonal antibodies bind to metal ion
complexes, eve, of the same chelating agent, with high spec-
ificity.>> The high specificity of monoclonal antibody to
specific metal complexes is based on their unique three-
dimensional structures, and the specific interactions
between the antibody and the metal ion complex. It is well
known that when a chelator binds to a metal ion, it forms
a complex by coordinating with the metal ion through its
functional groups. The resulting metal ion complex may have
a distinct three-dimensional structure and arrangement of
atoms, even if the chelator is the same. This structural vari-
ation can influence the binding interactions between the
metal ion complex and the monoclonal antibody. Monoclonal
antibodies typically recognize their metal ion complex targets
through a combination of electrostatic interactions, hydrogen
bonding, van der Waals forces, and hydrophobic interactions.
The specific arrangement and distribution of these interac-
tions determine the antibody's binding affinity and selec-
tivity. Therefore, even minor structural differences in the
metal ion complexes, such as variations in the coordination
geometry or the presence of additional ligands, can result in
different recognition patterns by the monoclonal antibody.
Furthermore, the differential affinities of antibodies to metal
ion complexes are also affected by the different affinities of
metal ions for certain amino acid side chains containing
sulfur, nitrogen, and oxygen atoms. Antibodies containing
these amino acids in their complementary regions might be
expected to have different abilities to bind to metal ion
complexes. In conclusion, the differential recognition of
different metal ion complexes of the same chelator by
monoclonal antibodies is primarily due to the variations in
the three-dimensional structures and interactions between
the metal ion complexes and the antibody's binding site.**

Comparison of FIA and KinExA with ICP-AES

In a series of experiments, drinking water samples were
spiked with varying concentrations of Cu(u), and the samples
were independently analyzed for their Cu(u) contents by FIA,
KinExA, and inductively plasma coupled atomic emission

RSC Adv, 2023, 13, 29195-29205 | 29201
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FIA KinExA
Metal ions IC50® (ng mL ™) Cross reactivity” (%) IC50” (ng mL ™) Cross reactivity” (%)
Cu(n) 2.4° 100° 0.2° 100°
Zn(n) 36.4 6.6 3.8 5.3
Ni(m) 192.1 1.3 18.5 1.08
Hg(n) 233.9 1.03 48.2 0.41
Other metals? ND* ND ND“ ND

“ ICs, is the concentration of metal-EDTA complex which inhibits the color formation in the competitive immunoassay by 50%. * Calculated as ICs,
[metal ion]/ICs, [Cu(u)] x 100. © Values are mean of duplicate determinations. ¢ Other metals a were Cd (), Pb(i), Mn(u), Mg(n), Fe(u), Al(m), Ag(1),
Co(i), and Ca(n).  ND = not determined because it was more than 200 pg mL ™"

spectrometry (ICP-AES). The results obtained by FIA and
KinExA were plotted as a function of those measured by ICP-
AES. The results were statistically compared, and it was found
that concentrations measured by both FIA and KinExA
correlated very well with those measured by ICP-AES. Linear
regression analysis of the results yielded linear equations:

For FIA: Y = —2.32 + 0.99X (r = 0.9969)
For KinExA: Y = 1.85 + 1.04X (r = 0.9982)

where Y is the Cu(u) concentration measured by FIA or KinExA,
X is the Cu(u) concentration measured by ICP-AES, and r is the
correlation coefficient of linear regression analysis.

The high values of correlation -coefficient (r), slopes
(approximately 1), and low coefficient of variations (<6%)
revealed the reliability (high accuracy and precision) of the
results obtained by FIA and KinExA. In addition, the results
confirmed the successful applicability of both FIA and KinExA
for determination of Cu(u) in samples.

Comparative evaluation of FIA and KinExA

A comparative assessment of the analytical efficiency of FIA and
KinExA was conducted. The results proved that KinExA had better
sensitivity (lower LOD) than FIA. The better sensitivity of KinExA
was due to the fact that the surface area of PMMA (~260 mm?) is
higher than that of the microwell of FIA plate (64 mm?).* The high
surface area of PMMA beads facilitated capturing of higher
number of 8D66 antibody molecules and ultimately attenuated
the fluorescence signals. In addition, the brief short time in which
8D66 antibody passes through the capture reagent (immobilized
Cu(u)-EDTA-BSA) minimized the competitive capturing capability
of Cu(u)-EDTA-BSA. Both FIA and KinExA showed comparable
accuracies as recovery values were 96.4-105.2 and 96.7-103.5% for
FIA and KinExA, respectively.

Regarding the precision, KinExA gave better precision than
FIA did, as evident from the lower variation coefficients.
KinExA gave better precision because it used PMMA beads
with higher surface area, and thus its precision depended on
only the concentrations of 8D66 and IgG-FITC antibodies
which were automatically drawn by the KinExA instrument
with high precision. In FIA, the precision depended mostly on

29202 | RSC Adv,, 2023, 13, 29195-29205

the uniformity in the quantity of Cu(u)-EDTA-BSA immobi-
lized onto the microwells of FIA plates. These quantities are
transferred manually to the wells resulting in some differ-
ences in their uniformity and accordingly the precision of the
assay.

In KinExA, the reagents passed through PMMA beads with
high flow rate, and accordingly the mass transport limitation,
encountered in FIA, has been minimized.*>*

Advantages of FIA and KinExA

Both FIA and KinExA offered several advantages; these advan-
tages are summarized in the following points. Both FIA and
KinExA, being involved measuring fluorescent signals of
strongly fluorescent labels, are highly sensitive allowing for the
detection of metal ions at very low concentrations. The use of
fluorescent labels in the immunoassay provides a strong signal
amplification, enhancing the sensitivity of the technique. Both
FIA and KinExA offered excellent selectivity, enabling the
specific detection of target Cu(u) ions in presence of other metal
ions. Both FIA and KinExA are high-throughput techniques that
allows for simultaneous analysis of multiple samples. Both FIA
and KinExA are cost-effective as both methods use small
samples and cheap commercially reagents. Both FIA and Kin-
EXA, rather than other methods, did not involve extraction and/
or pre-concentration procedure.

Comparison of FIA and KinExA with reported methods

In literature, there several methods for detection and quan-
titation of Cu(u) in different food samples.?®****® These
methods were atomic absorption spectrometry (AAS)-cloud
point extraction,*® AAS-solid phase extraction,”” flame
atomic spectrometry (FAS)-thin film microextraction,*® FAS-
dispersive liquid-liquid microextraction,** spectrophotom-
etry,*>*® potentiometry,*” and ELISA.*®* Most of these methods
required large sample size (0.2-1 g and 8-100 mL) and
involved multiple tedious steps for sample preparation such
as extraction by different techniques and/or preconcentra-
tion. Comparing with these methods, the proposed FIA and
KinExA, small sample size and simple sample preparation
steps. In regard to the sensitivity, the proposed FIA and Kin-
ExA offered higher sensitivity than all the reported methods

© 2023 The Author(s). Published by the Royal Society of Chemistry
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including ELISA.*® Since FIA involved simple batch microwell
analysis with simple procedures, and KinExA involved auto-
mated flow-based analysis, they have much higher through-
puts than the other reported methods which involved

42-48

sequential analysis.

Conclusion

Two different fluorescent immunoassays were developed and
validation of determination of Cu(u) in drinking water. These
assays were microwell-based FIA and immunosensor-based
KinExA. Validation studies of these assays confirmed their
applicability for the accurate, precise, and selective determina-
tion of Cu(u) in food samples without interference from the
commonly encountered other meta ions. Comparative evalua-
tion of FIA and KinExA revealed that KinExA is superior to FIA in
terms of sensitivity and precision, whereas both assays have
comparable accuracy. Both assays are likely anticipated to
contribute to monitoring of Cu(u) levels in foods in order
significantly enhance the food's safety and decrease the risk of
exposure to Cu(u)'s side effects. The use of these immunoassay
systems for determination of copper in food circumvents many
problems associated with the present technologies, which
require sophisticated equipment in a central facility.

Abbreviations

Cu(n) Copper ions

FIA Fluoroimmunoassay

KinExA Kinetic exclusion assay

EDTA Ethylenediaminetetraacetic acid

BSA Bovine serum albumin

8D66 Monoclonal antibody recognizing Cu(u)-EDTA
complex

GAPs Good agricultural practices

WHO World Health Organization

EPA U.S. Environmental Protection Agency

FNB Food and Nutrition Board

FAO Food and Agriculture Organization

ICP Inductively coupled plasma

AES Atomic emission spectroscopy

IgG- IgG conjugated with fluorescein isothiocyanate

FITC

PMMA  Polymethylmethacrylate beads

HBS 4-(2-Hydroxyethyl)-1-piperazine ethane sulfonic acid

LOD Limit of detection
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