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itive chemiluminescence enzyme
immunoassay by employment of a signal
enhancement of horseradish peroxidase-luminol-
hydrogen peroxide reaction for the quantitation of
atezolizumab, a monoclonal antibody used for
cancer immunotherapy

Ibrahim A. Darwish, *a Mohammad A. H. Ali,a Mohammed S. Alsalhia

and Daohong Zhangb

This study describes, for the first time, the development and validation of a novel ultrasensitive

chemiluminescence enzyme immunoassay (CLEIA) for the quantification of atezolizumab (ATZ),

a monoclonal antibody approved by the FDA for treatment of different types of cancer. The assay

involved the non-competitive binding of ATZ to its specific antigen (PD-L1 protein). The immune

complex of PD-L1/ATZ formed on the internal surface of the plate wells was quantified by a novel

chemiluminescence (CL)-producing horseradish peroxidase (HRP) reaction. The reaction employed

a highly efficient CL enhancer for the HRP-luminol-hydrogen peroxide reaction which was 4-(imidazol-

1-yl)phenol. The conditions of the CLEIA and its detection system were refined, and the optimum

procedures were established. The CLEIA was validated in accordance with the guidelines of

immunoassay validation for bioanalysis, and all the validation criteria were acceptable. The assay's limit of

detection and limit of quantitation were 12.5 and 37.5 pg mL−1, respectively, with a working dynamic

range of 25–800 pg mL−1. The assay enables the accurate and precise quantitation of ATZ in human

plasma samples without any interferences from endogenous substances and/or the plasma matrix. The

results of the proposed CLEIA were favourably comparable with those of a pre-validated enzyme-linked

immunosorbent assay using a colorimetric detection system. The CLEIA is characterized by simple and

high throughput features. The CLEIA is superior to the existing analytical methodologies for ATZ. The

proposed CLEIA has a great value in the quantitation of ATZ in clinical settings for assessment of its

pharmacokinetics, therapeutic drug monitoring, and refining the safety profile.
1. Introduction

The immunotherapy of cancer with immune checkpoint
inhibitors (ICIs) is a novel attracting approach which has gained
signicant attention among oncologists. These ICIs are human
(or humanized) monoclonal antibodies that function by
obstructing the binding of immune checkpoint proteins to their
partner proteins, thereby preventing the transmission of the
“off” signal.1 Programmed cell death protein 1 (PD-1) is
a surface protein found on immune cells that inltrate tumors.
The primary counterpart for the PD-1 protein is programmed
death-ligand 1 (PD-L1), which is expressed on antigen-
ollege of Pharmacy, King Saud University,

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

rthwest A&F University, Yangling 712100,

the Royal Society of Chemistry
presenting cells and tumor cells. PD-1 and PD-L1 are immune
checkpoint proteins that interact with each other to negatively
regulate the body's adaptive immune response against tumors.2

The expression of PD-L1 allows tumor cells to evade detection
by the immune system.2,3 As a result, immunotherapy using ICIs
has been explored and proven to be a promising approach for
treating various solid tumors.4,5 Treatment with monoclonal
antibodies targeting the PD-1/PD-L1 pathway has revolutionized
the management of advanced-stage cancers, such as melanoma,
lung cancer, breast cancer, kidney cancer, and others.3–5

Atezolizumab (ATZ) is a humanized monoclonal antibody
that has been designed to specically target PD-L1 and prevent
its interaction with PD-1. This mechanism enables the immune
system to identify and attack cancer cells.6 ATZ is produced by
Genentech, Inc., a member of the Roche Group, and is mar-
keted as TECENTRIQ® for intravenous infusion. The US Food
and Drug Administration (FDA) has granted multiple approvals
RSC Adv., 2024, 14, 8167–8177 | 8167
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for ATZ in the treatment of various cancer types, including
metastatic non-squamous non-small cell lung cancer,7–9

extensive-stage small cell lung cancer,10 unresectable locally
advanced or metastatic triple-negative breast cancer,11 unre-
sectable or metastatic melanoma,12 unresectable or metastatic
alveolar so part sarcoma,13 and locally advanced or metastatic
urothelial carcinoma (bladder, ureter, and renal pelvis
cancers).14 The recommended dosage of ATZ is 840–1200 mg
administered intravenously over 60 minutes every 3 weeks until
disease progression or unacceptable side effects occur. If the
rst infusion is well-tolerated, subsequent infusions may be
delivered over 30 minutes. Aer intravenous administration,
ATZ distributes into the extravascular space. The pharmacoki-
netic (PK) prole of ATZ is dose-dependent within the range of
1–20mg kg−1, including a dose of 1200 mg administered every 3
weeks. Steady-state concentration of ATZ (above 6 mg mL−1) is
achieved aer 6 to 9 weeks of multiple doses, and the volume of
distribution at steady state is 6.9 L. Being an antibody, ATZ
undergoes minimal metabolism in the body and does not
undergo hepatic metabolism. Its primary elimination occurs
through proteolytic degradation, and the elimination half-life,
which may vary among individuals, is typically around 27
days. Over time, ATZ clearance decreases, with an approximate
mean maximal reduction of 17% from the baseline value.15

Despite the therapeutic benets of ATZ, it is associated with
signicant adverse effects, including immune-related reactions
(such as pneumonitis, hepatitis, colitis, endocrinopathies,
myocarditis, and nephritis), infusion-related reactions (like
fever, chills, and shortness of breath), infections, inability to
taper corticosteroids, and potential harmful effects on embryos
and fetuses when used during pregnancy. These adverse effects,
along with the PK characteristics of ATZ, vary considerably
among patients and exhibit known concentration-effect rela-
tionships.15 To ensure effective and safe therapy with ATZ, it is
necessary to adjust the specic dosage and monitor the plasma
concentrations in individual patients, aiming to improve
outcomes and personalize patient care.16 Moreover, once the
patent for ATZ expires, it is expected that different pharma-
ceutical companies will produce biosimilars and/or biobetters
of ATZ. Therefore, there is a pressing need for efficient assays to
accurately quantify ATZ and its biosimilar products. These
assays are essential to ensure the quality of ATZ's pharmaceu-
tical formulations and to assess its concentrations in biological
specimens for PK studies and therapeutic drug monitoring
(TDM) purposes.17

The available techniques for quantifying ATZ in plasma are
currently limited. These techniques include liquid
chromatography-tandem mass spectrometry (LC-MS/MS)18–20

and enzyme-linked immunosorbent assays (ELISAs).21,22

However, LC-MS/MS has several signicant drawbacks. It
involves time-consuming procedures for preparing and clean-
ing complex plasma samples, lengthy digestion steps using
trypsin, and lacks a clear strategy for developing an appropriate
LC-MS/MSmethod. Moreover, LC-MS/MS instruments are costly
and not widely available in most clinical laboratories, particu-
larly in poor countries. Additionally, LC-MS/MS methods can
suffer from inconsistent peak performance and poor result
8168 | RSC Adv., 2024, 14, 8167–8177
precision. Although ELISAs are generally preferred over LC-MS/
MS, the existing ELISAs for ATZ21,22 rely on assay plates coated
with commercial anti-idiotype antibodies to capture ATZ from
sample solutions. This approach introduces the risk of false
positive results due to non-specic binding of similar human
IgG antibodies present in the samples. Furthermore, these
ELISAs have demonstrated inaccuracies with errors of up to
±20%. Moreover, the sensitivity of these ELISAs, which rely on
colorimetric detection, is not sufficiently high. To address these
limitations, there is a pressing need to develop an improved
alternative immunoassay for quantifying ATZ in plasma.

In recent times, CLEIAs have gained signicant attention
and have been applied in various elds, including pharma-
cology and molecular biology.23 CLEIAs offer several advantages
over ELISAs involving colorimetric signals, such as higher
sensitivity and a wider dynamic range. Notably, there is
currently no CLEIA reported in the literature for the bioanalysis
of ATZ. In this study, we developed a novel enhanced CLEIA for
the quantication of ATZ in plasma samples by utilizing 4-(1-
imidazolyl)phenol (IMP) as a chemiluminescence enhancer for
the HRP-luminol-H2O2 reaction. The experimental work con-
sisted of two main phases. Initially, we aimed to determine the
optimal chemiluminescent conditions in the presence of IMP
and adapt the optimized immunoassay protocol of ATZ, recently
developed in our laboratory. Subsequently, the developed CLEIA
was validated in terms of its practical utility, sensitivity, accu-
racy, precision, and specicity. The developed ultrasensitive
CLEIA prototype provides a dependable tool for reliable
measuring plasma levels of ATZ. It exhibits high specicity,
eliminating the need for any pre-treatment of plasma samples.
Moreover, it allows for rapid throughput analysis, enabling the
efficient processing of numerous samples in PK, TDM, and
bioequivalence studies of ATZ. Importantly, this study estab-
lishes the foundation for future development of a CLEIA kit for
ATZ, ensuring independent intellectual property rights for the
assay.

2. Experimental
2.1. Instruments

The SpectraMax® M5 microplate reader, manufactured by
Molecular Devices, LLC in San Jose, California, USA, offers
multiple detection modes including absorbance, uorescence,
uorescence polarization, time-resolved uorescence, and
chemiluminescence. It has a wide light reading range of 200 to
1000 nm with 1 nm increments. The reader can accommodate
various microplate formats, from standard 6-well to 384-well,
and its 4-zone system allows for precise temperature control up
to 50 °C, ensuring excellent stability for temperature-sensitive
assays. Additionally, the instrument features an internal
shaker with three different speed settings (low, medium, and
high) for efficient solution mixing. The reader is controlled and
operated using the SoMax® Pro Enterprise soware, which is
included with the device. Other laboratory equipment used in
the study includes the ELx50 automatic microplate strip washer
from Bio-Tek Instruments Inc. in Winooski, USA, the Milli-Q
water purication system from Labo, Millipore Ltd in
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Bedford, USA, the microprocessor laboratory pH meter from
Mettler-Toledo International Inc. in Zürich, Switzerland, the
Clion Cyclone CM1 vortex mixer from Weston, England, and
the Sanyo MDF-U5312 biomedical freezer from Onoda, Japan.

2.2. Materials

ATZ was acquired from Selleck Chemicals LLC, located in
Houston, Texas, USA. Recombinant PD-L1 protein was obtained
from R&D Systems in Lilly, France. The purity of PD-L1 protein
was >95%, by SDS-PAGE visualized with Silver Staining and
quantitative densitometry by Coomassie® Blue Staining. Goat
anti-human IgG was sourced from Sigma-Aldrich Chemical Co.
in St. Louis, MO, USA. Additionally, goat anti-human horse-
radish peroxidase conjugate (HRP-IgG) and bovine serum
albumin (BSA) were purchased from Sigma-Aldrich Chemicals
Co. in St. Louis, Missouri, USA. Luminol was procured from
ABCR GmbH in Karlsruhe, Germany, and 4-(imidazol-1-yl)
phenol (IMP) was obtained from Sigma-Aldrich Chemicals Co.
in St. Louis, MO, USA. Hydrogen peroxide was purchased from
Merck in New Jersey, NJ, USA. White opaque at-bottom high
binding 96-well plates for chemiluminescence were obtained
from Corning/Costar Inc. in Corning, NY, USA. Plasma samples
were provided by King Khalid University Hospital in Riyadh,
Kingdom of Saudi Arabia. These samples were stored frozen at
−20 °C until they were utilized in the experiment. All other
chemicals, reagents, and buffer components used throughout
the study were of analytical grade.

2.3. Buffer and reagent solutions

The buffer solution used for coating of the PD-L1 protein onto
the assay plate wells was a phosphate-buffered saline (PBS)
solution (0.1 mol L−1, pH 7.4). The blocking buffer solution
used for blocking the assay plate consisted of PBS containing
bovine serum albumin (BSA) at a concentration of 2% (w/v). For
washing the plate wells, a washing buffer solution was used,
which comprised of PBS containing Tween-20 (PBS-T) at
a concentration of 0.05% (v/v). A freshly prepared chem-
iluminescence enhancement solution (CES) was prepared in
Tris–HCl buffer (0.1 M, pH 8.5). The ECS consisted of luminol
(0.1 mM), hydrogen peroxide (1 mM) and IMP (0.2 mM).

2.4. Solutions of ATZ antibody and PD-L1 protein

To create stock solutions of ATZ and PD-L1, 5 mg of the
lyophilized powder for each substance was reconstituted in
5 mL of PBS, resulting in a concentration of 1 mg mL−1. These
stock solutions were then further diluted in PBS to generate
working solutions with the appropriate concentrations for
specic use.

2.5. CLEIA procedures and data analysis

To coat the PD-L1 protein onto the internal surface of the
microwells of 96-well high-binding white opaque plates, 50 mL
of a solution (1 mg mL−1) was incubated in a coating buffer
solution buffer at 37 °C for 1 h in a thermostatically controlled
incubator. The microwells were then washed three times using
© 2024 The Author(s). Published by the Royal Society of Chemistry
a washing buffer solution (PBS-T). To block the remaining
protein-binding sites on the wells, 100 mL of a blocking buffer
solution (2% w/v BSA in PBS) was added to the assay plate wells
and allowed to sit for 0.5 h at 37 °C. The plate was subsequently
washed with PBS-T three times. In each well of the assay plates,
50 mL of the standard solution of ATZ or ATZ-spiked plasma
samples were added. The binding of ATZ to the immobilized
antigen (PD-L1) was allowed to proceed for 0.5 h at 37 °C. The
wells were then washed three times with PBS-T. Next, 50 mL of
HRP-IgG solution (0.5 mg mL−1, in PBS) was added to each well.
The plates were incubated for 0.5 h at 37 °C to allow the binding
of HRP-IgG to the immune antigen/antibody complex (PD-L1/
ATZ). Aer three washes with PBS-T, 200 mL of CES was
dispensed into to the plate wells. The CL intensities at 425 nm
were measured using a microplate reader aer allowing the
luminol activation reaction and CL development to proceed for
60 seconds at room temperature. The data was acquired using
Spectramax® soware (Spectramax M5: Molecular Devices,
California, USA) and transferred to Microso Excel 2016
(Microso Corporation, USA) for further analysis. A calibration
curve was constructed by plotting the CL intensities (in arbitrary
units: AU) against the corresponding concentrations of ATZ
calibrator solutions. The concentrations of ATZ in the plasma
samples were then determined using the regression equation
derived from the calibration curve. In all quantitation experi-
ments, negative controls were used to ensure the minimization
of the potential background signal of IMP in the assay well in
the absence of either of the ATZ, PD-L1 or HRP.

3. Results and discussion
3.1. Strategy for CLEIA development

ATZ was chosen for this investigation because of its signicant
therapeutic value in treating various forms of cancer, and the
serious need for an efficient immunoassay to support its PK,
TDM, bioequivalence studies, and renement of its safety
prole. Given that ATZ exerts its immunotherapeutic effects by
binding to the PD-L1 protein, this protein was selected as the
capturing antigen for the development of the CLEIA described
in this study. Although there were different formats available for
developing CLEIA, the non-competitive format was chosen
because of its typically high reliability. Furthermore, the entire
protocol for this format could be completed within a reasonably
short timeframe. Since ATZ is a monoclonal antibody of IgG
subtype, anti-human HRP-IgG conjugate was used as a tracer in
the assay. In previous studies,24,25 our laboratory developed non-
competitive ELISAs for monoclonal antibodies using HRP and
chromogenic substrates for colorimetric detection, and the
results conrmed the reliability of this format. Therefore, this
methodology was adopted for the present study. Moreover, HRP
enzyme label has a great signicance, plays a crucial role in the
advancement of CLEIAs. The sensitivity of these HRP-based
assays could be signicantly increased by enhancement of the
CL intensity of CL by inclusion of a CL enhancer molecule in the
CL-inducing reaction. Various compounds have been utilized as
signal enhancers in the development of HRP-based CLEIAs,
resulting in enhancement of CL and yield more long-lasting,
RSC Adv., 2024, 14, 8167–8177 | 8169
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Table 1 The optimized binding and CL enhancement conditions used
for development of CLEIA for ATZ

Condition
Optimum
value

Binding reactions
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and stable light emission.26–28 Previous research29 has demon-
strated that 4-(imidazol-1-yl)phenol (IMP) as a CL enhancer
exhibits enhanced light emissions that are more intense, pro-
longed, and stable when developing CLEIAs. Therefore, the
HRP-luminol-H2O2-IMP reaction was chosen and implemented
as the detection system in the CLEIA described in this article.
Immobilized capturing antigen PD-L1
Concentration of PD-L1 used for immobilization (mg mL−1) 1
Immobilization time (h)/temperature (°C) 1/37
Blocking with BSA: time (h)/temperature (°C) 0.5/37
Binding of ATZ: time (h)/temperature (°C) 0.5/37
Concentration of HRP-IgG (mg mL−1) 0.5
Binding of HRP-IgG: time (h)/temperature (°C) 0.5/37

CL enhancement solution
Luminol concentration (mM) 0.1
H2O2 concentration (mM) 2
IMP concentration (mM) 0.2
pH of CES (pH unit) 8.5
Concentration of DMF in ECS (%) 2
Volume of CES (mL per well) 200
CL development time (seconds) 60
CL measurement wavelength (nm) 460
3.2. Description of CLEIA

The present study describes a novel CLEIA for ATZ used for
immunotherapy of different cancers. Fig. 1 provides an overview
of the four-step protocol employed in this CLEIA. Firstly (A), the
antigen (PD-L1) is immobilized on the internal surface of the
assay plate wells, followed by blocking the remaining protein-
binding sites using a high-concentration BSA solution. Then
(B), ATZ (in it standard or sample solution) is allowed binds to
the immobilized PD-L1 antigen protein. Subsequently (C), HRP-
IgG is allowed to bind to the antigen/antibody complex (PD-L1/
ATZ) present on the assay plate wells. Finally (D), the CES is
added to induce an enhanced CL reaction. The CL signals are
recorded by a plate reader at 425 nm, and the ATZ concentra-
tions in the sample solutions are correlated with the measured
CL signals.

In a previous study,30 our laboratory optimized procedure for
coating of PD-L1 protein onto the assay plates, blocking of assay
plates, binding of ATZ and HRP-IgG. These procedures were
Fig. 1 An illustrative diagram of the CLEIA for ATZ. (A) the antigen (PD-L
plate and blocked with BSA. (B) binding of ATZ antibody to the immob
development of enhanced CL by the CL enhancement solution (CES).

8170 | RSC Adv., 2024, 14, 8167–8177
employed in the development of HRP-based ELISA for ATZ. A
summary of these optimized conditions is given in Table 1, and
the details will be published elsewhere. In the current study, we
1 protein) is immobilized onto the inner surface of microwells of assay
ilized PD-L1. (C) binding of HRP-IgG to the PD-L1-ATZ complex. (D)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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employed these procedures in optimizing the factors that affect
the enhancement of HRP-based CL reaction. The subsequent
sections discuss the impact of various parameters on the CL
intensity of the reaction.

3.3. Chemiluminescence enhancement reaction

The reaction between luminol (as a hydrogen donor), and
hydrogen peroxide (H2O2, as an oxidant and hydrogen acceptor)
is catalyzed by HRP, and the CL signals are enhanced by IMP
enhancer. Fig. 2 provides the chemical structure of IMP and
illustrates the mechanism of enhanced HRP-luminol-H2O2

reaction. The luminol (3-aminophthalhydrazine) is converted
by the basic solution into the tautomerism resonance-stabilized
dianion, which is subsequently oxidized by H2O2 into the
dicarboxylate ion, accompanied by the loss of molecular
nitrogen, N2. When the dicarboxylate ion is formed, it is in an
excited (higher energy) electronic state and sheds its “extra”
energy by emitting a photon of CL light, allowing the molecule
to go to its ground state form. The presence of IMP as a CL
enhancer increases the intensity of the emitted CL light. It is
believed that the primary factor contributing to the enhanced
CL effect, through electron transfer between luminol and radi-
cals, is the generation of the phenoxyl radical of IMP. Previous
research on other 4-substituted phenols29 led us to hypothesize
Fig. 2 The chemical structure of 4-(1-imidazolyl)phenol (IMP) used as
mechanism (B).

© 2024 The Author(s). Published by the Royal Society of Chemistry
that the electronic properties of the substituents, particularly
the resonance effect, play a crucial role in stabilizing the radi-
cals and consequently improving the intensity of CL. Since IMP
possesses a 4-substituent consisting of an aromatic ring and
nitrogen heteroatoms, it may be capable of stabilizing phenoxyl
radicals through resonance via p-delocalization. Additionally,
electron-donating groups contribute to the stabilization of
phenoxyl radicals by reducing the energy required for the
dissociation of the O–Hbond. Therefore, we postulated that this
stabilization mechanism was responsible for IMP's highly
effective enhancement of chemiluminescent intensity.

3.4. Optimization of chemiluminescence enhancement
reaction

3.4.1. Effect of concentrations of luminol, IMP and H2O2.
To assess the inuence of luminol concentration on CL inten-
sity, different concentrations ranging from 0 to 0.5 mM were
used in the CES with xed concentrations of H2O2 (1 mM) and
IMP (0.2 mM). The CL intensity was recorded for each luminol
concentration. The results (Fig. 3A) demonstrated that the
maximum CL intensity was achieved when the luminol
concentration was 0.1 mM.

Similarly, to investigate the impact of IMP concentration on
CL intensity, a series of experiments were conducted using
a CL enhancer for HRP-luminol-H2O2 reaction (A) and the reaction

RSC Adv., 2024, 14, 8167–8177 | 8171
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Fig. 3 The results of optimization of different variables CES used for enhanced CL reaction of HRP-luminol-H2O2-IMP. These variables are the
concentrations of luminol and IMP (A), concentration of H2O2 (B), pH (C), concentration of dimethylformamide (D), volume of CES (E), and
reaction time (F). The values are mean of 3 measurements ± SD.
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various concentrations (0 to 0.5 mM) of IMP, while maintaining
xed concentrations of luminol (0.1 mM) and H2O2 (1 mM). The
results (Fig. 3A) indicated that the maximum CL intensity was
obtained when the IMP concentration was 0.2 mM. Conse-
quently, the subsequent experiments were carried out using
luminol and IMP concentrations of 0.1 mM and 0.2 mM,
respectively.

Furthermore, the effect of H2O2 concentration in the CES on
CL intensity was examined by using varying H2O2 concentra-
tions (0.1 to 3.5 mM), while keeping the concentrations of
luminol and IMP constant. It was observed that up to 1 mM of
H2O2, the CL intensity increased proportionally with the
increase in H2O2concentrations. However, beyond 1mM, the CL
8172 | RSC Adv., 2024, 14, 8167–8177
intensity started to decrease (Fig. 3B). Based on this nding, the
H2O2 concentration used for subsequent experiments was
determined.

3.4.2. Effect of pH and organic solvent content in CES. The
effect of pH of CES solution on the induced CL intensity was
studied in the range of 6–11, and it was found that the optimum
pH was 8.5 (Fig. 3C). To prepare IMP solution, it was necessary
to pre-dissolve it in an organic solvent due to its limited solu-
bility in aqueous buffer systems. Among the available organic
solvents, only dimethylformamide (DMF) could dissolve IMP.
Consequently, the impact of DMF concentration in the CES on
CL intensity was investigated in the range of 1–60% (v/v).
However, it was observed that when the DMF content
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The calibration curve (C) and precision profile (:) of the
proposed CLEIA for ATZ. The CL intensity values were plotted versus

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
1/

3/
20

25
 8

:4
9:

51
 P

M
. 

 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
exceeded 10%, the CL intensity decreased. On the other hand,
the presence of up to 10% DMF in the CES had no detrimental
effect on CL intensity (Fig. 3D). It is well-known that IMP can
precipitate in CES, leading to a decrease in CL intensity if the
DMF concentration in the buffer is too low. Conversely, if the
DMF amount in the CES is excessively high, it may affect the
activity of HRP bound to the assay plate wells and consequently
reduce the CL intensity. Therefore, a DMF concentration of 2%
was suitable for preparing the CES in subsequent experiments.
This concentration ensured that IMP did not precipitate in the
CES while maintaining the activity of HRP without any adverse
effects.

3.4.3. Effect of CES volume. To determine the appropriate
volume of ECS, the CL reaction was conducted using different
volumes (50, 100, 150, and 200 mL per well) of the CES. The CL
responses were measured, and the relative standard deviation
(RSD) of the readings was calculated. The results indicated that
the CL intensity increased in a linear manner with the volume of
CES. The linear regression equation describing the relationship
was as follows:

Y = 0.01 − 0.0131X (r = 0.9982)

where, Y represents the CL intensity, X denotes the volume of
CES in mL, and r represents the correlation coefficient of the
line. Furthermore, it was observed that the precision of the
readings, as indicated by the RSD values, decreased as the
volume of CES increased. The calculated RSD values were 7.6%,
5.5%, 3.05%, and 1.9% for CES volumes of 50, 100, 150, and 200
mL per well, respectively.

In conclusion, the lowest RSD value of 1.9% was obtained
when using a volume of 200 mL per well. Therefore, this volume
was selected for all subsequent experiments, ensuring optimal
precision in the measurements.

3.4.4. Kinetic prole of enhanced CL development. The
kinetic behavior of the CL-developing reactions is generally
inuenced by the rate of generation of CL-emitting species and
the rate of formation of the nal product.28 Typically, the CL
emission rapidly reaches its maximum value aer the initiation
of the reaction, remains stable for a period, and then gradually
decreases due to the decay of the excited species to the ground
state under the given analytical conditions. To construct an
assay with the highest possible sensitivity, it is crucial to
measure the CL signals at the time of maximum intensity before
signicant decay occurs.

In this study, the kinetic prole of the enhanced CL reaction
was examined by monitoring the CL signals for 240 seconds
from the initiation of the reaction. The results revealed that the
maximum CL signals were achieved within 50 seconds and
remained stable for the subsequent time (Fig. 3F). Based on this
nding all subsequent investigations assessed the CL signals
aer 60 seconds from the reaction start.

In Table 1, an overview of the variables inuencing the
enhanced CL reaction, which was employed as the detection
system in the proposed CLEIA for ATZ is presented. Under these
optimum conditions, the increase of signal enhancement was
© 2024 The Author(s). Published by the Royal Society of Chemistry
found to be ∼20 folds higher than the assay signal without the
chemiluminescence enhancer.
3.5. Validation of the CLEIA

3.5.1. Calibration and sensitivity. By following the rened
procedures outlined in Table 1, a calibration curve was gener-
ated for the proposed CEIA. Calibrator solutions containing
various concentrations of ATZ (ranging from 25 to 800 pg mL−1)
were used. The corresponding CL intensity values, along with
their RSD values, were plotted against the ATZ concentrations
on both linear and logarithmic scales (Fig. 4A and B, respec-
tively). The CLEIA displayed a linear response when ATZ
concentrations were plotted on a logarithmic scale. Regression
analysis of the data revealed a strong correlation, with a corre-
lation coefficient (r) of 0.9924. The linear regression equation
was determined as: Y= 0.7859 ln X− 2.2799, where Y represents
the RFI, and X represents the ATZ concentration (in pg mL−1).

To determine the sensitivity of the assay in terms of its limit
of detection (LOD) and limit of quantitation (LOQ), the guide-
lines of the International Council of Harmonization (ICH) for
the validation of analytical procedures31 were followed. The
following formula was used for calculation: LOD = 3.3 × SDa/
b and LOQ = 10 × SDa/b, where SDa represents the standard
deviation of the calibration line intercept, and b represents its
concentrations of ATZ on linear (A) and logarithmic (B) scales,
respectively.

RSC Adv., 2024, 14, 8167–8177 | 8173
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Table 2 The calibration parameters of the proposed CLEIA for ATZa

Parameter Value

Working range (pg mL−1) 25–800
Intercept (×103) −2.2799
Standard deviation of intercept 14.68
Slope (×103) 0.7859
Standard deviation of slope (×103) 0.0197
Correlation coefficient (r) 0.9924
LOD (pg mL−1) 12.5
LOQ (pg mL−1) 37.5

a The values were derived from the calibration curved given in Fig. 4B.
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slope. The calculated LOD and LOQ were found to be 12.5 and
37.5 pg mL−1, respectively. These exceptionally low values
indicate the high sensitivity of the proposed CLEIA. This level of
sensitivity allows for the determination of ATZ in plasma
samples, considering the reported steady-state concentration of
ATZ aer a 60minutes intravenous infusion at doses of 1200mg
every 3 weeks15 A summary of the calibration parameters for the
proposed CLEIA can be found in Table 2.

3.5.2. Precision and accuracy. To assess the intra-assay
precision of CLEIA, three replicates of ATZ samples contain-
ing varying concentrations (Table 3) were analyzed as a batch in
a single assay run. To assess the inter-assay precision, the same
samples were analyzed as duplicates in three consecutive
independent runs. The assay demonstrated satisfactory preci-
sion in accordance with the criteria for immunoassay valida-
tion.32 The RSD values for intra-assay and inter-assay precisions
were not greater than 6.2% and 6.5%, respectively (Table 3). The
excellent precision of the proposed CLEIA might be attributed
to the use of a high concentration of PD-L1 protein immobilized
on the assay plate as a capture agent for ATZ. This ensured that
the precision of the CLEIA relied solely on the concentrations of
ATZ and the HRP-based enhanced CL-producing reaction, for
which the CES solution was precisely dispensed. Additionally,
the overall high precision of the assay was attributed to some
key factors: (1) use of standardized one batch of reagents to
ensure the consistency and minimize batch-to-batch variations,
(2) performing regular quality control checks including running
controls and monitoring the performance of the assay over
time, (3) ensuring the consistency of coated protein by accurate
dispensing the coating solution and other reagents by multi-
channel pipettes, (4) protocol optimization and standardization
Table 3 Precision and accuracy of the proposed CLEIA for ATZ

ATZ conc. (pg mL−1)

Recovery (% � RSD)

Intra-assay (n = 3) Intra-assay (n = 6)

50 102.8 � 6.2 104.4 � 6.5
100 100.5 � 3.4 97.2 � 5.5
200 97.8 � 3.5 96.7 � 4.3
400 98.4 � 3.2 101.8 � 4.8
600 103.3 � 4.1 105.1 � 5.1

8174 | RSC Adv., 2024, 14, 8167–8177
of the procedures and conditions, and (4) performing replicate
measurements for each sample and standard which enhanced
the assay precision.

To evaluate the accuracy of the proposed CLEIA, the recovery
of different concentrations of ATZ (Table 3) samples was
measured. The obtained recovery values ranged from 97.8% to
103.3% and from 96.7% to 105.1% for the intra- and inter-assay
runs, respectively (Table 3). These recovery values demonstrate
the reliability of the proposed CLEIA for the quantitation of ATZ
in plasma samples.

3.5.3. Effect of plasma matrix. To ensure the accuracy of
CLEIA for quantifying ATZ in plasma samples, it was essential
to investigate the impact of the plasma matrix. This was crucial
to avoid false positives or undesirable outcomes when applying
the assay to plasma samples. In this study, ATZ-free plasma
samples were spiked with ATZ at concentrations within the
range typically found in patient plasma, as reported in
a previous study.15 These samples were then diluted to attain
the ATZ concentrations in the linear range of the CLEIA, and the
diluted samples were subjected to analysis to determine their
ATZ content. The matrix effect was assessed by calculating the
recovery level using a calibration curve generated with standard
solutions of ATZ prepared in PBS. The obtained recovery values,
plotted against their corresponding concentrations, are shown
in Fig. 5. It is evident that the recovery percentages were around
100% and the standard deviation values did not exceed 10%.
These results indicate that the plasmamatrix had no signicant
impact, either positive or negative, on the accuracy of the
proposed CLEIA when used for routine analysis of diluted
plasma samples. It is worth noting that the extremely high
sensitivity of the proposed CLEIA (picograms level) allows the
dilution of clinical plasma specimens by several thousand folds
to achieve ATZ concentrations within the working range of the
assay. For instance, the reported steady-state concentration of
ATZ aer a 60minutes intravenous infusion at doses of 1200mg
dose is above 6 mg mL−1.15
Fig. 5 The results of recovery study obtained from analysis of plasma
samples containing varying concentrations of ATZ by the proposed
CLEIA. The presented values are the mean of 3 measurements ± SD.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.6. Comparison of the proposed CLEIA with previous ELISA

To evaluate the analytical performance of the proposed CLEIA
in comparison to a pre-validated ELISA,22 plasma samples were
spiked with ATZ at predetermined concentrations ranging from
50 to 600 ngmL−1. These concentrations were selected based on
the sensitivity of the ELISA. However, since the proposed CLEIA
exhibited higher sensitivity, the samples were diluted with PBS
to bring their concentrations within the linear range of the
CLEIA. The concentrations measured by ELISA were plotted
against the corresponding values obtained from the proposed
CLEIA (Fig. 6). Regression analysis was performed, and the
results demonstrated good agreement between the two
methods:

Y = 33.298 + 0.9552X (r = 0.9938)

Here, Y represents the ATZ concentrations measured by the
proposed CLEIA, X represents the ATZ concentrationsmeasured
by the reported ELISA, and r represents the linearity correlation
coefficient. It is evident from the high correlation coefficient
that the proposed CLEIA is valid for the accurate quantication
of ATZ in plasma samples.

3.7. Advantages of CLEIA

The proposed CLEIA encompasses several advantageous
features, which can be summarized as follows. Firstly, the
CLEIA capitalizes on the measurement of enhanced CL signals
using a CL-enhancement reaction, enabling exceptional sensi-
tivity for the quantication of ATZ at concentrations as low as
37.5 pg mL−1. Secondly, the CLEIA exhibits outstanding selec-
tivity, ensuring the specic measurement of ATZ plasma levels
without any interference from other components or the plasma
matrix. This specicity guarantees reliable and accurate assay
results. Thirdly, the CLEIA is a high-throughput technique that
enables the simultaneous analysis of multiple samples in
Fig. 6 The correlation of results obtained from analysis of plasma
samples containing varying concentrations of ATZ by the proposed
CLEIA with those of ELISA. The presented values are the mean of 3
measurements ± SD. The linear fitting equation and its correlation
coefficient (r) are given on the graph.

© 2024 The Author(s). Published by the Royal Society of Chemistry
clinical laboratories. This capability enhances efficiency and
productivity in the analysis of large sample volumes, rendering
it suitable for high-volume testing requirements. Fourthly, the
assay is cost-effective, utilizing small sample volumes and
commercially available reagents that are affordable. This cost-
efficiency renders the assay economically viable for routine
implementation in laboratory settings. Finally, the CLEIA
eliminates the need for labor-intensive and time-consuming
extraction or clean-up procedures during pretreatment of
plasma samples prior to analysis. This simplies the workow
and reduces the overall analysis time, providing convenience for
laboratory personnel. In summary, the proposed CLEIA offers
exceptional sensitivity, excellent selectivity, high-throughput
capability, cost-effectiveness, and simplied sample prepara-
tion, making it a valuable tool for accurately quantifying ATZ in
plasma samples.

4. Conclusion

This study describes the development and validation of an
ultrasensitive sensitive and selective CLEIA for the quantication
of ATZ in plasma samples. The inclusion of IMP as a CL
enhancer resulted in a signicant enhancement of the CL
intensity generated by the HRP-luminol-H2O2 reaction. This
enhancement contributed to the assay's exceptional sensitivity,
allowing accurate and precise quantication of ATZ in plasma
samples at concentrations as low as 37.5 pg mL−1. The assay's
remarkable sensitivity also enables the use of very small plasma
sample volumes, approximately 1 mL. The proposed CLEIA
method allows for the processing of a batch of several hundred
samples per day by a single analyst, making it a powerful tool for
high-throughput analysis of plasma samples. Although the assay
was not validated for matrices other than plasma; however, in
principle it can be used also for serum samples. This capability
makes the assay highly valuable for investigating various phar-
maceutical elds, including PK, TDM, rening the safely prole.
In principle this assay can be used for quantitation of other
antibodies; however, it is not suitable for other protein molecule/
antibody and ligand interaction analysis. In these cases, the
kinetic Exclusion Assays on KinExA™ biosensor (Sapidyne
Instruments, Boise, USA)33 and Surface Plasmon Resonance
(SPR) biosensors34 are the most appropriate approaches.
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