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ltrasensitive time-resolved
fluoroimmunoassay for the quantitation of lead in
plasma using a fluorescence-enhanced europium
chelate label for the detection system

Ibrahim A. Darwish, *a Kenzi Suzuki,b Hiroshi Ogawac and Zongzhi Wangd

This study describes the prototype of a novel ultra-sensitive time-resolved fluoroimmunoassay (TRFIA) for

the quantification of lead (Pb) in plasma. The assay procedures were conducted in 96-microwell plates and

involved the competitive binding format. The assay used a mouse monoclonal antibody, designated as

2C33, that specifically recognized the diethylenetriamine pentaacetic acid chelate of Pb (Pb-DTPA) but

did not recognize Pb-free DTPA chelator. The antigen used for coating onto the inner surfaces of assay

plate microwells was Pb-DTPA conjugated with bovine serum albumin protein (Pb-DTPA-BSA). The

competitive binding reaction occurred between Pb-DTPA chelates, formed in the sample solutions by

treating the samples with an excess DTPA, and the coated Pb-DTPA-BSA for a limited quantity of 2C33

antibody binding sites. The antigen–antibody complex formed in the plate wells was quantified by

a europium-DTPA-labeled secondary antibody and a fluorescence enhancement solution. The

conditions of the assay were refined, and its optimum procedures were established. The TRFIA was

validated following the immunoassay validation guidelines, and all of the validation criteria were

acceptable. The working range of the assay was 20–300 pg mL−1 and its limit of quantitation was 20 pg

mL−1. Metals that are commonly encountered in blood plasma did not interfere with Pb in the analysis

by the proposed TRFIA. The assay was applied to the quantitation of Pb in plasma samples with

satisfactory accuracy and precision. The results were compared favorably with those obtained by atomic

emission spectroscopy. In conclusion, the present study represents the first TRFIA for the quantitation of

Pb in plasma. The assay is superior to the existing atomic spectrometric methods and other

immunoassays for Pb in terms of sensitivity, convenience, and analysis throughputs. The proposed TRFIA

is anticipated to effectively contribute to assessing Pb concentrations and controlling the exposure of

humans to its potential toxicity.
Introduction

Pollution of the environment with toxic heavy metals is
a worldwide health concern. Lead has been widely used in
different industries including glass, batteries, pipes, cosmetics,
toys, and paints.1 It is a persistent ubiquitous toxin in the
environment and the consequences of lead contamination are
a subject of both ancient interest and great contemporary
concern. The WHO has identied lead as one of 10 chemicals of
ollege of Pharmacy, King Saud University,

E-mail: idarwish@ksu.edu.sa; Fax: +966-

etsunan University, Nagao-toge-machi,

and Technology, Japan Science and

ology and Biotechnology, Institute of

, Wuhan, China

the Royal Society of Chemistry
major public health concern needing action by governmental
authorities to protect health from lead intoxication.2 Humans
are exposed to lead primarily by inhalation of lead-
contaminated dust and by ingestion of food, drinking water,
settled indoor dust, and soil contaminated with lead. Upon
indirect ingestion of lead, it primarily accumulates in the blood,
so tissues, bone, and neurons, and this accumulation may
lead to many potential human health risks including anaemia,
hypertension, immunotoxicity, disruption of reproductive
organs, cognitive obstacles, blindness, encephalopathy, kidney
failure, neurological/behavioral changes, and death.3,4

Lead exposure is estimated to account for 21.7 million years
lost to disability and death worldwide, due to long-term effects
on health. The WHO estimates that 30% of idiopathic intel-
lectual disability, 4.6% of cardiovascular disease, and 3% of
chronic kidney diseases can be attributed to exposure to lead.2

Young children are most susceptible and vulnerable to lead
intoxication because they engage in hand-to-mouth behavior
RSC Adv., 2024, 14, 8671–8683 | 8671
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and may spend long periods in contaminated areas. Addition-
ally, lead absorption occurs more readily in children as
compared to adults and children's developing nervous system is
more vulnerable to lead than adults. UNICEF estimates that 1 in
3 children (up to 800 million globally) have blood lead levels at
or above 5 mg dL−1, and immediate global action is needed to
address this problem.5 Most cases of lead poisoning in children
with moderately elevated lead levels are asymptomatic resulting
in more subtle effects such as decits in neurobehavioral
cognitive performance, attention span, and impaired learning
ability. These decits have been associated with blood lead
levels as low as 10 mg dL−1.2 As a direct result, in October 2023,
the Centers for Disease Control and Prevention (CDC) redened
childhood lead poisoning and recommended the use of a blood
leads reference value of 3.5 mg dL−1 to identify children with
blood lead level higher than most children's levels. For lead
levels higher than this value, healthcare providers can use
CDC's recommended actions based on blood lead level to
develop a plan of action for their patients.6 Early research has
focused on indirect measurement of exposure by analyzing
erythrocyte protoporphyrin level as a primary screening test for
the detection of lead intoxication. However, erythrocyte proto-
porphyrin level does not reliably identify children with blood
lead levels less than 10 mg dL−1.7 Therefore, the CDC recom-
mended that a direct assay of blood lead concentrations be used
rather than indirect measurements. In addition, part of CDC
plan to seek the development of lead-testing technology for
assays with high sensitivity to detect low concentrations of lead
in plasma. These recommendations have imposed additional
technical and analytical challenges and have led to a greatly
increased demand for novel, rapid analytical techniques that
can be inexpensive enough to use in large-scale public health
screening programs.8,9

The methods used to detect lead included graphite furnace
atomic absorption spectrometry,10,11 atomic uorescence spec-
trometry,12,13 and inductively coupled plasma mass spectrom-
etry.14 These spectrometric methods offer high sensitivity and
accuracy; however, they involve tedious and time-consuming
sample pretreatment, use expensive and complex equipment,
and need highly skilled personnel, making them impractical.
Recently, several electrochemical sensors have been developed
for lead ion detection.15–17 However, these sensors also face
limitations due to the need for specialized materials and bio-
logical molecules, intricate design, lengthy sample preparation,
and insufficient specicity. Because of these factors, more work is
required to develop an alternative practical accurate, rapid, and
inexpensive method to measure lead levels in blood plasma.

Immunoassays have more recently been considered for the
analysis of environmental contaminants.18,19 Immunoassays are
speedy, sensitive, selective, and cost-effective. In addition, they
are well suited for the analysis of large numbers of samples and
oen obviate lengthy sample preparations. Because of these
characteristics, the Human Exposure Branch of the Environ-
mental Protection Agency (EPA) initiated a program to develop
and evaluate new immunoassay methods for screening and
quantitative analysis of compounds of environmental
concern.20 Most environmental immunoassays are directed
8672 | RSC Adv., 2024, 14, 8671–8683
toward organic compounds;18,19 however, this technique applied
to any analyte, including metals, if a suitable antibody can be
generated.20–23

Time-resolved uoroimmunoassay (TRFIA) is a type of
immunoassay that has been developed in recent decades.24 In
these assays, chelates of rare-earth lanthanide elements such as
Europium and samarium are used as labels because of their
intrinsic high uorescence intensity, ability to overcome high-
background interferences, and delayed relaxation time. TRFIA
has been used for the detection of different molecules; however,
the technique has not been described yet for lead.

To the best of our knowledge, there is no TRFIA in the
available literature for measuring lead in blood plasma. The
present study describes the development of a novel prototype
uorescence-enhanced TRFIA for quantitation of low concen-
trations of lead in plasma samples. This TRFIA used a mono-
clonal antibody (2C33) that recognizes the lead chelate of
diethylenetriaminepentaacetic acid (Pb-DTPA) and does not
recognize Pb-free DTPA chelator. The study involved two stages;
the rst one was the optimization of experimental operational
conditions including temperature, concentration, time, and the
system used for the generation and enhancement of uores-
cence signals. The second stage is the validation of TRFIA in
terms of its sensitivity, accuracy, precision, specicity, and
application validity of the assay to plasma samples. This
prototype TRFIA was able to reliably measure blood lead levels
at as low concentrations as 20 pg mL−1. The ultrasensitive
TRFIA established in this study is a very valuable tool for
screening elevated blood lead levels. It also provides new
research ideas and technical means for the ultra-sensitive
detection of other small molecules and will provide the neces-
sary way for the subsequent development of a TRFIA kit with
independent property rights.

Experimental
Instruments

The SpectraMax® M5microplate reader Molecular Devices, LLC,
(San Jose, California, USA) was used. It has multi-detection
modes (absorbance, uorescence, uorescence polarization,
time-resolved uorescence, and chemiluminescence). The
reader can read lights in the range of 200–1000 nm with 1 nm
increments. The reader can adapt microplates ranging from
standard 6-well to 384-well, and its 4-zone system can control
temperatures up to 50 °C, allowing temperature-sensitive assays
to be performed with excellent stability. The instrument also
featured an internal shaker with three different speeds (low,
medium, and high) for mixing solutions. The reader is
controlled and operated by the SoMax® Pro Enterprise so-
ware, provided with the reader. ELx50 automatic microplate
strip washer was a product of Bio-Tek Instruments Inc.
(Winooski, USA). An incubator (model MINI/18) was obtained
from Genlab Ltd. (Widnes, UK). Milli-Q water purication
system (Labo, Millipore Ltd., Bedford, USA). Microprocessor
laboratory pH meter (Mettler-Toledo International Inc., Zürich,
Switzerland). Vortex (Clion cyclone CM1: Weston, England).
Biomedical freezer (Sanyo MDF-U5312: Onoda, Japan).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Materials

Standard metal solutions (1 mg mL−1, in 2% HNO3) of atomic
absorption spectroscopy grade were obtained from PerkinElmer
Co. (Norwalk, CT, USA). Diethylenetriamine pentaacetic acid
(DTPA) was obtained from Sigma-Aldrich Chemical Co. (St.
Louis, MO, USA). [(R)-2-Amino-3-(4-isothiocyanatophenyl)
propyl]-trans-(S,S)-cyclohexane-1,2-diaminepenta-acetic acid (p-
SCN-Bn-CHX-A00-DTPA) was purchased from Dojindo Laborato-
ries (Gaithersburg, MD, USA). Ultrapure bovine serum albumin
(BSA) was bought from Boehringer Mannheim Biochemicals
(Indianapolis, IN, USA). 2C33 monoclonal antibody recognizing
Pb-DTPA was generated by a fusion of spleen cells of an
immunized BALB/c mouse with SP2/0-Ag14 myeloma cells. The
antigen used for immunization was a keyhole limpet hemocy-
anin protein conjugated with Pb-DTPA (Pb-DTPA-KLH). The
IC50 of 2C33 antibody was 5 ng mL−1, as determined by ELISA.
The antibody was highly specic for Pb-DTPA chelate among
many other metal-DTPA chelates. The details for the generation
and characterization of 2C33 antibody have been submitted for
publication elsewhere. White opaque high-binding 96-micro-
well plates with at bottoms were a product of Corning/Costar,
Inc. (Cambridge, MA, USA). Goat anti-mouse IgG was purchased
from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Pierce™
BCA protein assay kit was purchased from ThermoFisher
Scientic Inc. (Waltham, MA USA) and used according to the
manufacturer's directions. Centricon-30 lter was from Ami-
con, Inc. (Beverly, MA, USA). Thenoyltriuoroacetone (TTA), tri-
n-octylphosphine oxide (TOPO), and Triton X-100 surfactant
were obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO,
USA). Human plasma samples were obtained from King Khalid
University Hospital (Riyadh, Kingdom of Saudi Arabia), and
were kept frozen at −20 °C until used in the analysis. Metal-free
disposable pipette tips were bought from Oxford Labware, Inc.
(St. Louis, MO, USA). All glassware was washed with mixed HCl/
HNO3 acids and liberally rinsed with puried deionized water.
All plastic wares were soaked overnight in 3 M HCl and rinsed
with puried deionized water before use.
Preparation of Pb-DTPA-BSA conjugate

The conjugate of BSA protein with Pb-DTPA (Pb-DTPA-BSA) was
prepared by a modication of the method previously reported.22

Briey, a solution of p-SCN-Bn-CHX-A00-DTPA (3 mM, in 0.1 M
sodium phosphate buffer, pH 9.5) was prepared. Aliquot (1 mL)
of p-SCN-Bn-CHX-A00-DTPA solution was mixed with an equal
volume of lead nitrate solution (3 mM, in 50 mM phosphate
buffer, pH 9.5). BSA solution (2 mL, 20 mg mL−1, 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 the
addition of KOH when necessary. The reactions were stirred
overnight at 25 °C. The unreacted low molecular weight
components (Pb and p-SCN-Bn-CHX-A00-DTPA) were removed by
buffer exchange using a Centricon-30 lter that had been
treated with 100 mM DTPA solution and liberally rinsed with
water before use. Protein concentrations of the conjugates were
determined using BCA kit,25 and the extent of substitution of
free amino groups on the protein was determined by estimation
© 2024 The Author(s). Published by the Royal Society of Chemistry
of free amino groups before and aer the conjugation
reaction.26

Preparation of europium-labeled IgG

The europium-labeled secondary antibody (Eu-IgG) was
prepared according to the procedures described in a previous
report.27 Briey, 10 mg of goat anti-mouse IgG was dissolved in
1 mL phosphate buffer saline solution (PBS: 50 mmol L−1, pH
7.4). A solution of Eu and p-SCN-Bn-CHX-A00-DTPA was prepared
by mixing equal volumes of equimolar solutions (3 mM) of Eu3+

and p-SCN-Bn-CHX-A00-DTPA; the solutions were prepared in
phosphate buffer saline solution (PBS: 50 mmol L−1, pH 7.5).
Aliquot (1 mL) of Eu- p-SCN-Bn-CHX-A00-DTPA solution was
mixed with an equal volume of IgG solution, and then the
solution was stirred by magnetic agitation in darkness for 24 h
at 4 °C. The reaction solution was puried from unreacted Eu
chelate of p-SCN-Bn-CHX-A00-DTPA by Centricon-30 lter using
PBS solution and centrifugation. The puried concentration of
Eu-IgG, as protein, was determined by BCA protein assay kit. To
the puried solution of Eu-IgG, an equal volume of glycerol and
BSA (2%, w/v, in PBS), and then the solution was stored at −20 °
C for use in the analysis.

Pretreatment of plasma samples

Aliquot (100 mL) of plasma samples were mixed (1 : 1) with 1 M
HNO3 and allowed to react for 5 min at 25 °C. Themixtures were
subjected to ultraltration using a 3 kDa cut-off lter
(Centricon-30). During centrifugation (10 min, 600 rpm, 4 °C)
the lters completely retained the plasma, but the displaced
metals and other small molecules passed through the lter
membrane. The ltrate solutions were subsequently neutralized
with KOH and their lead concentrations were determined by
TRFIA.

Procedure of TRFIA

Microwell plates were coated with Pb-DTPA-BSA conjugate (1 mg
mL−1, in PBS) for 2 h at 37 and blocked with 100 mL of BSA (2%,
w/v, in PBS) for 0.5 h at 37 °C. The detailed procedures of
coating and blocking were described in a previous report.28

Plasma samples weremixed with 10% volume of PBS containing
DTPA (5 mM), and aliquots (50 mL) of the diluted samples were
mixed (1 : 1) with 2C33 monoclonal antibody solution (0.5 mg
mL−1 in PBS). From this mixture, 50 mL was transferred to each
well of the assay plates, and the plates were incubated for 1 h at
37 °C. The plates were washed aer the incubation, the plates
were washed three times with PBS containing Tween-20 (0.05%,
v/v). Aer washing, 50 mL of Eu-IgG solution (0.5 mg mL−1) was
added to each well. The binding of Eu-IgG to the assay plate
wells was allowed to proceed for 0.5 h at 37 °C. The plate wells
were washed and 100 mL of uorescence enhancement solution
(FES) was added. The FES was prepared in acetate buffer (0.1 M,
pH 3.2) and it consisted of TTA (2 mM), TOPO (0.1 mM), and
Triton X-100 (0.2%, v/v). The plate was holed and shaken by the
reader shaking system for 3 min, and then the uorescence
intensities were measured by the reader at 355 and 620 nm for
excitation and emission, the data was transformed to Slide
RSC Adv., 2024, 14, 8671–8683 | 8673
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Write soware, version 5.011 (Advanced Graphics Soware,
Inc., Rancho Santa Fe, CA, USA) for tting by the 4-parameter
equation. Standard curves for Pb(II) were obtained using the
same procedure on plates of the same series. Values for IC50

were calculated using the following equation:

F = F0 + {(F0 − F1)/{1 + [Pb)]/(IC50)}

where F is the uorescence at a denite known concentration of
Pb(II), F0 is the uorescence in the absence of Pb, F1 is the
uorescence at the saturating concentration of Pb, and IC50 is
the Pb concentration that produces a 50% inhibition of
maximum uorescence signal (F0). The concentrations of Pb in
the samples were then computed by the tting equation.

Results and discussion
Description of TRFIA

This study describes the development of ultra-sensitive TRFIA
for trace determination of Pb in plasma samples. The features
and steps of this TRFIA are illustrated in Fig. 1. The assay
involved 4 main steps (A–D). The rst step (A) involved the
transformation of Pb in the sample solution to its DTPA
chelates, the form recognized by the 2C33 antibody. This
transformation was performed by dilution of the sample with
a buffer solution containing a molar excess of metal-free DTPA.
Principally, an excess of DTPA should be added to ensure the
transformation of all possibly present Pb to the chelate form.
Fig. 1 A schematic diagram for the proposed TRFIA for Pb.

8674 | RSC Adv., 2024, 14, 8671–8683
The second step (B) was the competitive binding reaction
between the free soluble Pb-DTPA chelates with the immobi-
lized Pb-DTPA chelate (in the form of BSA conjugate coated on
the assay wells) for a limited amount of 2C33 antibody binding
sites. The third step (C) involved the binding of Eu-labeled anti-
mouse IgG (Eu-IgG) to 2C33 antibody that has been bound to
the immobilized Pb-DTPA-BSA conjugate. The fourth step (D)
involved the development of enhanced uorescence signals by
the addition of the uorescence enhancement solution (FES)
and the formation of the uorescent product. The uorescence
signals were measured and plotted as a function of the corre-
sponding Pb concentrations in the original sample solution.
The 4-parameter equation t of the data was used for calcu-
lating the Pb concentrations in the sample solutions.
Characterization of Pb-DTPA-BSA conjugate

The preparation of Pb-DTPA-BSA conjugate is illustrated in
Fig. 2. The bifunctional chelator, p-SCN-Bn-CHX-A00-DTPA, was
rst used to form Pb-DTPA chelate via its pentaacetic acetic acid
groups. This chelate was coupled via the reaction of the iso-
thiocyanate group of p-SCN-Bn-CHX-A00-DTPA with the amino
group residues on BSA protein. The p-SCN-Bn-CHX-A00-DTPA is
a modied derivative of DTPA that incorporates an iso-
thiocyanate, benzyl, and cyclohexyl groups. While both p-SCN-
Bn-CHX-A00-DTPA and DTPA are capable of forming chelates
with metal ions via their pentaacetic acetic acid groups, p-SCN-
Bn-CHX-A00-DTPA offers the additional functionality and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The preparation of Pb-DTPA-BSA conjugate. P-SCN-Bn-CHX-A00-DTPA is [(R)-2-amino-3-(4-isothiocyanatophenyl)propyl]-trans-(S,S)-
cyclohexane-1,2-diaminepentaacetic acid. BSA is bovine serum albumin.
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reactivity provided by the benzyl isothiocyanate group through
which a protein molecule can be linked producing DTPA-
protein conjugate. The use of DTPA instead would lead to
chelating Pb and forming Pb-DTPA chelates; however, the
chelate could not be linked to BSA protein. To ascertain the
formation of the Pb-DTPA-BSA conjugate, a colorimetric reac-
tion involving amino group residues of BSA was conducted on
a denite concentration of the conjugate and the same
concentration of unconjugated BSA protein. The reaction was
carried out as described in a previous report.26 The relative
decrease in the absorbance (%) was attributed to the substitu-
tion of amino groups in forming the conjugate. The degree of
conjugation of BSA with Pb-DTPA was found to be 36.4%. It is
wise to mention that this degree of conjugation was very
reasonable for the use of the conjugate as a capturing agent in
the assay. This assumption was supported by a previous study
that demonstrated the successful use of protein conjugate at
a lower extent (20.6%).21

Preparation and characterization of Eu-IgG

The labelling of the second anti-mouse IgG was performed by
following the procedures used for the preparation of Pb-DTPA-
BSA conjugate; however, IgG was used instead of BSA. The Eu-
labelled IgG molecules were puried from the small remain-
ing unreacted components (Eu-DTPA chelates) by passing
through a membrane lter that passed the small components
and retained the Eu-IgG molecules. Aer, the successful
© 2024 The Author(s). Published by the Royal Society of Chemistry
preparation of Eu-IgG, the uorescence spectra (excitation and
emission) of its solution were recorded by the SpectraMax M5
multifunctional microplate reader to determine the optimal
excitation and emission wavelengths for measuring in the
proposed TRFIA. The spectra revealed that the maximum exci-
tation and emission wavelengths were 355 and 620 nm,
respectively, and the detection delay time was 400 ms.

Optimization of TRFIA conditions

Selection of Pb-DTPA-BSA and 2C33 concentrations. In the
proposed TRFIA (Fig. 1), Pb was quantied by its ability to
competitively inhibit the binding of 2C33 antibody to the
immobilized Pb-DTPA-BSA conjugates. Accordingly, the
amount of 2C33 antibody should be limited relative to the
particular amount of the immobilized Pb-DTPA-BSA conjugate
to achieve an effective competition and ultimately develop
a highly sensitive assay. To determine the best pair of concen-
trations of Pb-DTPA-BSA conjugate and 2C33 antibody,
a checkerboard titration was carried out. A series of non-
competitive reactions were performed using varying concen-
trations of Pb-DTPA-BSA conjugate and 2C33 antibody. The
results of checkerboard titration revealed that Pb-DTPA-BSA
conjugate at concentrations of #1 mg mL−1 was limited at all
the tested concentrations of 2C33 antibody (Fig. 3A). To select
the most appropriate concentrations from these concentra-
tions, a separate set of competitive experiments was conducted,
and the IC50 value was determined in each case. The obtained
RSC Adv., 2024, 14, 8671–8683 | 8675
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Fig. 3 The checkerboard titration of varying concentrations of Pb-DTPA-BSA conjugate versus different concentrations of 2C33 antibody (A)
and the relation of IC50 values with the concentration of conjugate and antibody (B).
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IC50 values were plotted as a function of both Pb-DTAP-BSA and
2C33 antibody (Fig. 3B). It was generally noticed that the IC50

decreases as the 2C33 antibody concentration decreases at
a xed concentration of Pb-DTPA-BSA conjugate. Likewise, IC50

decreases as the concentration of Pb-DTPA-BSA conjugate
decreases at a xed concentration of 2C33 antibody. The
smallest IC50 values (50 ± 5 pg mL−1) were achieved when the
concentrations of Pb-DTPA-BSA conjugate were #1 mg mL−1,
and those of 2C33 antibody were 0.25 and 0.5 mg mL−1 (Fig. 3B).
The IC50 values obtained when the 2C33 antibody was 0.25 mg
mL−1 were not reproducible. Therefore, the subsequent exper-
iments were conducted using conjugate and antibody at
a concentration of 0.5 mg mL−1 versus a Pb-DTPA-BSA conjugate
at a concentration if 1 mg mL−1.

Coating of Pb-DTPA-BSA and blocking the plate wells. To
establish the best incubation time and temperature required for
the coating of Pb-DTPA-BSA onto the wells of the assay plates, 50
8676 | RSC Adv., 2024, 14, 8671–8683
mL of Pb-DTPA-BSA solution (1 mg mL−1) was dispensed into
each well of the assay plate. The plates were incubated under
different conditions: overnight (dened as 8 h) at 4 °C (in the
refrigerator), at room temperature (25 °C) for 3 h, and at 37 °C
(in a thermostatically controlled incubator) for 3 h, and then the
plates were manipulated as usual. The results of this study are
presented in Fig. 4A. These results indicated that the incubation
for overnight at 4 °C gives incomplete coating when compared
with the incubations at room temperature (25 °C) for 3 h and at
37 °C. The absorbance value obtained when coating was con-
ducted for overnight at 4 °C was 0.3± 0.05 compared with 0.5±
0.07 and 0.6 ± 0.09 when the coating was conducted at 25 °C
and at 37 °C for 3 h, respectively. Therefore, the coating in the
refrigerator at 4 °C was ruled out from further study. The effect
of coating time at room temperature (25 °C) and 37° was
investigated by coating at these temperatures for varying
periods. The results of these experiments are presented in
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The results of studying of coating time and temperature of Pb-DTPA-BSA conjugate on the assay plates (A), the time required for optimum
coating of Pb-DTPA-BSA at 25 °C and 37 °C (B), the time of competitive binding reaction between the coated Pb-DTPA-BSA and free Pb-DTPA
(in sample solution) with 2C33 antibody (C), concentration of Eu-IgG (D), and time of binding of Eu-IgG at 25 °C and at 37 °C (E).
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Fig. 4B, from which it was found that the optimum coating of
Pb-DTPA-BSA was achieved when the plate was incubated for 2 h
at 37 °C.

Aer coating Pb-DTPA-BSA onto the assay plate wells, the
remaining protein-binding sites remaining available on the
surface of the wells should be blocked with high protein
concentration. In a previous study,21 BSA at a concentration of
2% (w/v) was proved as an efficient blocking agent; therefore, it
was selected, and the same blocking conditions were employed
in the present study. These conditions were 100 mL of BSA
solution 2% (w/v) and the incubation was carried out for 0.5 h at
37 °C.

Competitive binding reaction. The results obtained from
studying the proper time for competitive binding reaction
© 2024 The Author(s). Published by the Royal Society of Chemistry
between Pb-DTPA, in the sample solution, and 2C33 antibody
revealed that the effective competition needs 1 h at 37 °C to
reach equilibrium (Fig. 4C). At these conditions, constant and
reproducible IC50 value was obtained. Longer time did not
decrease the IC50 value (i.e., did not enhance the assay
sensitivity).

Concentration and binding of Eu-IgG. The best concentra-
tion of Eu-IgG was studied, and it was found to be 0.5 mg mL−1

(Fig. 4D). The most appropriate conditions (time and temper-
ature) for its binding were investigated and the optimum
binding was achieved for 0.5 at 37 °C (Fig. 4E).

Fluorescence enhancement conditions. Lanthanide chelates
of DTPA are extremely stable, and we used Eu-DTPA derivatives
conjugated to 2C33 antibody as a tracer in the present TRFIA.
RSC Adv., 2024, 14, 8671–8683 | 8677
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Fig. 5 The effects of different variables on the performance of fluorescence enhancement solution (FES). These conditions were the TTA
concentration (A), TOPO concentration (B), Triton X-100 concentration (C), pH of solution (D), ethanol concentration in the solution (E), and the
fluorescence development time (F).
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For enhancement of uorescence in TRFIA, different uores-
cence the enhancement solutions (FES) were proposed.29 The
most recommended solutions based on a b-diketone (thenoyl-
triuoroacetone, TTA) in a buffer solution containing a water-
protecting agent (tri-n-octylphosphine oxide, TOPO), and
a detergent (Triton X-100). The concentrations of these
components were studied, and the results are given in Fig. 5.
The best concentrations of TTA, TOPO, and Triton X-100 were
2 mM, 0.1 mM, and 0.2% (v/v), respectively (Fig. 5A–C,
8678 | RSC Adv., 2024, 14, 8671–8683
respectively). The effect of the pH of the FES solution on the
induced uorescence intensity was investigated in the range of
2–8, and it was found that the maximum signals were obtained
when the pH values were between 4 and 5 (Fig. 5D), and the pH
of 4.5 was used for the subsequent experiments.

The enhancers (TTA and TOPO) must rst be pre-dissolved
in an organic solvent (ethanol or dimethylformamide) because
they are typically difficult to dissolve in aqueous buffer systems.
Ethanol was recommended for dissolving these enhancers
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary for optimum parameters and conditions of TRFIA
for Pb in plasma

Parameter/condition Optimum value

Coating Pb-DTPA-BSA conc. (mg mL−1) 1
Coating time (h)/temperature (°C) 2/37
BSA concentration for blocking (%, w/v) 2
Blocking with BSA: time (min)/temperature (°C) 0.5/37
Concentration of DTPA (mM) 5
2C33 antibody concentration (mg mL−1) 0.5
Eu-IgG concentration (mg mL−1) 0.5
Binding of Eu-IgG: time (h)/temperature (°C) 0.5/37
FES: time (min)/temperature (°C)a 3/25
Measuring wavelength (excitation/emission, nm) 355/620

a FES: the uorescence enhancement solution was prepared in acetate
buffer (0.1 M, pH 4.5) and it consisted of TTA (2 mM), TOPO (0.1 mM)
and Triton X-100 (0.2%, v/v).

Fig. 6 The binding calibration curve of TRFIA for measurement of
lead, as Pb(II), in plasma (A), the effect of plasma matrix (B); the results
are presented as recovery (C) and RSD (:), and the correlation of the
measured concentrations by TRFIA with those by atomic emission
spectrometry, AES (C).
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before the dilutions of their solutions to the optimum concen-
trations in a buffer solution.29 Hence, the inuence of ethanol
concentration in the EFS on the uorescence intensity was
tested in the range of 1.5 to 30% (v/v). It was found that the
presence of ethanol in the EFS (up to 5%) had no adverse effect
on the uorescence intensity (Fig. 5E).

To establish the optimum time for induction of the highest
uorescence intensity, the uorescence development was
monitored at room temperature for 10 min. The optimum time
at which the highest uorescence intensity was obtained was
2 min and remained stable for the further time up to 10 min
(Fig. 5F). For obtaining reading with better precision,
measurements in the subsequent experiments were taken aer
3 min.

A summary of the variables affecting the TRFIA are
summarized in Table 1.

Validation of TRFIA

The performance of TRFIA was assessed by its validation
following the guidelines of the validation of immunoassays for
bioanalysis.30

Calibration curve and sensitivity. The calibration curve was
generated using atomic absorption grade Pb at a concentration
range of 1–5000 pg mL−1 (Fig. 6A). The working range of the
assay at Pb concentration giving 90–10% of the maximum
binding antibody was 20–300 ng mL−1. The limits of detections
(LOD) and quantitation (LOQ), dened as the lowest concen-
tration of Pb that could be distinguishable from zero concen-
tration ± 3.3 and 10 SD, respectively, were determined
according to the guidelines of the immunoassay validation.30,31

Based on the triplicate measurements, the LOD and LOQ were
6.6 and 20 pg mL−1, respectively. This achieved LOQ value is
much lower than the maximum allowable concentrations of Pb
in plasma (35 ng mL−1) which is recommended by the CDC.7

Selectivity of TRFIA. The selectivity of 2C33 antibody for
measurement of Pb, as its DTPA chelate, was proved during the
selection of hybridoma clone producing the 2C33 antibody.
While the selectivity of any immunoassay is also inuenced by
the procedures variables such as the concentrations of coated
© 2024 The Author(s). Published by the Royal Society of Chemistry
antigen and antibody. Therefore, it was essential to re-evaluate
the selectivity of the proposed TRFIA under its optimized
conditions for the measurement of Pb among the other metals
commonly encountered in plasma. A set of competitive assays
was conducted by using different metals (given in Table 2) over
a wide range of concentrations, and the IC50 values were
determined for all. The cross-reactivity of each metal was
calculated using the formula:

Cross reactivity (%) = IC50 [Pb]/IC50 [metal] × 100
RSC Adv., 2024, 14, 8671–8683 | 8679
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Table 2 The selectivity of TRFIA for measurement of Pb in plasma

Metal IC50
a (pg mL−1) Cross reactivityb (%)

Lead, Pb 47c 100c

Zinc 750 6.2
Nickel 1850 2.5
Mercury 4500 1.0
Cadmium NDd ND
Manganese ND ND
Magnesium ND ND
Iron ND ND
Calcium ND ND
Copper ND ND
Chromium ND ND
Selenium ND ND

a IC50 is the concentration of metal-DTPA complex which inhibits 50%
of the maximum RFI in the TRFIA. b Calculated as IC50 [Pb]/IC50 [metal]
× 100. c Values are the mean of triplicate determinations. d Not
determined because it was more than 1000 pg mL−1.
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The obtained IC50 values and cross-reactivities of all the
tested metals are given in Table 2. The values indicated that the
proposed TRFIA was highly selective for Pb because the highest
observed cross reactivity was 6.2% for zinc. The presence of
other metals, even those present in high concentrations in
plasma such as calcium, iron, copper, chromium, and sele-
nium31 did not interfere with Pb in the present TRFIA.

It is wise to state that the favored affinity of the 2C33 anti-
body to Pb-DTPA chelate among the chelates of other metals
was attributed to the following facts. Previous studies proved
the ability of monoclonal antibodies to bind to metal chelates,
even of the same chelator, with high affinity and specicity.32

The high specicity of monoclonal antibodies towards specic
metal chelates is attributed to their unique three-dimensional
structures and the specic interactions they form with the
chelates. It is widely understood that when a chelator binds to
a metal, it creates a chelate by coordinating with the metal
through its functional chelating groups. This chelate can
exhibit a distinct geometrical structure and arrangement of
atoms, even with the same chelator. These structural variances
can inuence the binding interactions between the metal
chelate and the monoclonal antibody. Typically, monoclonal
antibodies recognize their targets including metal chelates via
a combination of electrostatic interactions, hydrogen bonding,
van der Waals forces, and hydrophobic interactions. These
interactions dictate the antibody's binding affinity and
Table 3 The accuracy and precision of the proposed TRFIA for Pb at di

Taken Pb conc.
(pg mL−1)

Intra-assay

Measured Pb conc.
(pg mL−1 � SD) Recovery (%

25 25.4 � 1.4 101.5 � 5.5a

75 72.9 � 2.4 97.2 � 3.2
150 156.3 � 9.2 104.2 � 6.1

a Values are coefficient of variation (%); mean of 3 determinations.

8680 | RSC Adv., 2024, 14, 8671–8683
selectivity. As a result, even minor structural differences in the
metal chelate, such as variations in coordination geometry or
the presence of additional ligands, can lead to different recog-
nition patterns by the monoclonal antibody. Moreover, the
differences in affinities of antibodies towards metal chelates are
inuenced by the varying affinities of metals towards specic
amino acid side chains that contain atoms such as sulfur,
nitrogen, and oxygen. Antibodies that possess these amino
acids in their complementary regions are likely to exhibit
distinct abilities in binding to metal chelates. Conclusively, the
differential recognition of different metal chelates, derived
from the same chelator, by monoclonal antibodies is primarily
attributed to the variations in three-dimensional structures and
interactions between the metal ion complexes and the binding
site of the antibody.32

Accuracy and precision. The accuracy of the proposed TRFIA
was assessed by recovery studies. Known amounts of atomic
absorption grade Pb were spiked into plasma samples. Each
sample was subsequently treated and analyzed for Pb content by
TRFIA, as described in the Experimental section. The measured
concentrations were used for calculating the recovery using the
formula:

Recovery (%) = measured Pb concentration/spiked Pb concen-

tration × 100.

The recovery values ranged from 95.8% to 104.2% (Table 2),
indicating the high accuracy of the TRFIA.

The precisions (intra- and inter-assay) were determined at
three different levels of Pb concentrations, low medium, and
high (Table 3). The TRFIA gave satisfactory results over all the
tested levels of Pb concentration; the coefficients of variations
(CV) did not exceed 6.5% (Table 3).

A summary of the validation parameters of the proposed
TRFIA is given in Table 4.
Effect of plasma matrix and assay applicability

The effect of plasma matrix on the reliability of the TRFIA for
quantifying Pb in plasma samples was assessed. For conducting
the experiments, blank plasma samples were spiked with Pb at
a concentration of 10 mg dL−1 (100 ng mL−1). These samples
were then treated and diluted as described above; the dilution
folds ranged from 5 to 200-folds. The analysis was performed
using TRFA, and the results were evaluated. The obtained data
fferent concentration levels

Inter-assay

� CV)
Measured Pb conc.
(pg mL−1 � SD) Recovery (% � CV)

25.6 � 1.6 102.4 � 6.4
73.95 � 3.6 98.6 � 4.8
143.7 � 9.8 95.8 � 6.5

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Summary for analytical performances of TRFIA for
measurement of Pb in plasma

Parameter Value

Working range (pg mL−1) 20–300
Correlation coefficient (r) 0.9986
LOD (pg mL−1) 6.6
LOQ (pg mL−1) 20
Accuracy (recovery, %) 95.8–104.5
Intra-assay precision (CV, %) 3.2–6.1
Inter-assay precision (CV, %) 4.8–6.5

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 3
/1

/2
02

6 
5:

14
:5

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
(Fig. 6B) demonstrated that the recovery values increased as the
plasma dilution increased up to a 40-folds dilution. Beyond this
point, the recovery values reached a level of approximately
100%. Furthermore, the RSD values decreased with increasing
dilution. The lower recovery values and higher precision (lower
RSD values) observed at low plasma dilutions were attributed to
the impact of mass transport and mobility limitations, which
are commonly observed in immune binding within viscous
samples (e.g., plasma).33–35 Based on these ndings, it was
required to dilute plasma samples more than 50-folds before
conducting the analysis to avoid false-positive results. It is
important to note that the proposed TRFIA exhibits exceptional
high sensitivity at the picogram level, allowing for the dilution
of real clinical plasma specimens by several thousand-folds to
achieve Pb concentrations within the working range of the
TRFIA.

Analysis of plasma samples by TRFIA and comparison with
ICP-AES

In a series of experiments, plasma samples were spiked with
varying concentrations of Pb, and the samples were indepen-
dently analyzed for their Pb contents by both TRFIA and atomic
emission spectrometry (AES). The spiked concentrations were
selected according to the sensitivity limit of AES; however, these
samples were diluted to attain the Pb concentrations in the
sensitivity range of TRFIA. The results obtained by TRFIA were
plotted as a function of thosemeasured by AES. The results were
statistically compared, and it was found that concentrations
measured by TRFIA correlated very well with those measured by
AES (Fig. 6B). Linear regression analysis of the results yielded
a linear equation: Y = 4.0172 + 0.9232 X (r = 0.9808), where Y is
the Pb concentrations measured by AES, X is the Pb concen-
trations measured by TRFIA, and r is the correlation coefficient
of linear relation.

The high value of correlation coefficient (r) and slope
(approximately 1) revealed the reliability of the results obtained
by TRFIA and conrmed the successful applicability of TRFIA
for the measurement of Pb in plasma samples.

Advantages of TRFIA

The proposed TRFIA offered several advantages; these advan-
tages are summarized in the following points. TRFIA, being
based on the measurement of enhanced uorescent signals of
uorescent Eu-chelate label, is ultra-sensitive allowing for the
© 2024 The Author(s). Published by the Royal Society of Chemistry
accurate measurement of Pb at very low concentrations (20 pg
mL−1). The TRFIA offered excellent selectivity, enabling the
specic measurement of Pb in the presence of other metals
encountered in plasma at high concentrations. The assay is
considered a high-throughput technique that enables the
simultaneous analysis of multiple samples in laboratories. The
assay is cost-effective as it uses very small samples and cheap
commercially available reagents. Additionally, the assay did not
involve tedious and time-consuming extraction and/or pre-
concentration procedures for the pretreatment of plasma
samples prior to analysis.

Conclusion

In this study, TRFIA was developed to measure Pb in blood
plasma. The assay employed a time-resolved detection mode,
which effectively reduced interference and improved measure-
ment accuracy. A novel uorescent chelate (Eu-DTPA)-labeled
IgG was synthesized and used as a detection tracer, resulting
in signicantly increased uorescence intensity. This
enhancement in uorescence intensity greatly improved the
sensitivity of the assay. Under optimized conditions, the assay
achieved an IC50 value of 47 pg mL−1 and LOQ of 20 pg mL−1.
The sensitivity of this TRFIA was much higher than that of the
previously established immunoassays for Pb,36–39 even those
involved uorescence38 or chemiluminescence39 signals for
detection. Compared to instrumental analysis (e.g., AES), this
TRFIA signicantly reduced the use of organic solvents and
simplied the plasma samples pretreatment. The established
TRFIA was successfully applied to the analysis of plasma
samples, and the results were veried by correlation with the
AES. In conclusion, the developed TRFIA is a new ultrasensitive,
high throughput, rapid, and cost-effective approach for large-
scale screening and monitoring of Pb levels in plasma samples.
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