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Abstract
Immunoassays are a powerful diagnostic tool and are widely used for the quantification of proteins and biomolecules in  
medical diagnosis and  research. Enzyme-linked immunosorbent assay (ELISA) is the most commonly used  
immunoassay format and allows the detection of biomarkers at a very low concentration. The diagnostic platforms such as  
enzyme immunoassay (EIA), chemiluminescence (CL) assay, polymerase chain reaction (PCR), flow cytometry (FC), and mass  
spectrometry (MS) have been used to identify molecular biomarkers. However, these diagnostic tools requiring expensive 
equipment, long testing time, and qualified personnel that is not always available in small local hospitals with limited 
resources. The lateral flow immunoassay (LFIA) platform was developed for rapidly obtaining laboratory results and to make 
urgent decisions in emergency medicine, as well as  the recently introduced  concept of testing at the site of care (point-of-
care, POC). The simultaneous measurement of different substances from a single sample called multiplex assays have become 
increasingly significant for in vitro quantification of multiple analytes in a single sample, thereby minimising cost, time, and 
volume. In multiplex immunoassays, the ligands are immobilized either in planar format (flat surface) or on microspheres 
in suspension that binds to target analytes in sample. The multiplex technology has established itself in proteomic networks 
and pathways, validation of genomic discoveries, and in the development of clinical biomarkers. In the present review article, 
various types of monoplex/simplex and complex/multiplex immunoassays have been analysed that are increasingly being 
applied in laboratory medicine. Also, some advantages and disadvantages of these multiplex assays have also been included 
such as experimental animals, in vitro tests using cell lines and tissue samples, 3-dimensional modelling and bioprinting, in 
silico tests, organ-on-chip, and computer modelling.
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Abbreviations
EIA  Enzyme immunoassay
CIA  Chemiluminescence assay
PCR  Polymerase chain reaction
FC  Flow cytometry
MS  Mass spectrometry
ELISA  Enzyme-linked immunosorbent assay
RIA  Radio immunoassay
EMIT  The enzyme multiplied immunoassay 

technique
FPIA  Fluorescence polarization immunoassays assay
SPIA  Sol particle immunoassay
LFIA  Lateral flow immunoassay

NALFIA  Nucleic acid lateral flow immunoassay
NALF  Nucleic acid lateral flow assay
POC  Point-of-care
PON  Point-of-need

Introduction

Laboratory measurements have become an integral part of 
medical diagnosis and therapy which allows the evaluation 
of pathology and treatment of a patient. The laboratory must 
validate the technical standard and reproducibility of meas-
urement through standard methodology and adequate quality 
management. The doctor/physician should select the right 
pathological parameters to be analysed and interpretation of 
laboratory results in patient care. During the last two dec-
ades, laboratory diagnostics and bioassays have undergone 
a technological revolution (Elmlinger 2011). An early and 
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accurate diagnosis of a disease plays an important role in 
its effective treatment, especially in emergency where an 
immediate decision needs to be made   and the rapid and 
precise identification of the pathology is vital. However, the 
clinical evidence based on a single analyte or biomarker is 
not adequate for an appropriate diagnosis of a disease or 
monitoring its treatment. The potential biomarkers have a 
pathophysiological significance and the clinical applica-
tions  may have a profound impact on disease diagnosis and 
therapy (Ahsan and Ahmad 2020; Ahmad and Ahsan 2014; 
Ahsan 2013). The various biomarkers are an integral part of 
biomedical research and clinical practice. Many clinical tests 
and assays such as  the lipid profile, blood pressure, body 
temperature, or pulmonary function test (PFT) serve as clini-
cal biomarkers and the body mass index (BMI) measurement 
as a risk biomarker which is used to assess the risk for meta-
bolic diseases such as diabetes mellitus, hypertension, and 
dyslipidemia, and may lead to preventative health measures 
(Bays et al. 2007). Biomarkers can also be safety indicators 
for determining health status, such as liver and kidney func-
tion (LFT, KFT) by measuring serum creatinine, uric acid, 
urea nitrogen, cystatin C, etc. (Kar et al. 2018; Bonventre 
et al. 2010; Babrak et al. 2019).

In clinical trials, the well-defined traditional biomark-
ers are important and accepted metrics to assess the clini-
cal status and therapeutic effects for clinical endpoints 
and adverse events (Agency and Committee for Medici-
nal Products Human Use (CHMP),  2018). A biomarker is 
defined as “a characteristic that is measured as an indicator 
of normal biological processes, pathogenic processes, or 
responses to an exposure or intervention including thera-
peutic interventions” (Babrak et al. 2019; FDA-NIH Bio-
marker Working Group 2016). The FDA-NIH Joint Lead-
ership Council has put together the Biomarkers, Endpoints 
and other Tools Resource (BEST) for coordinating transla-
tional science by regularizing medical terms and improve 
scientific understanding regarding biomarkers in clinical 
sciences and practice (Babrak et al. 2019; FDA-NIH Bio-
marker Working Group 2016). The FDA-NIH Biomarker 
Working Group defined two categories of biomarkers: (i) 
disease-associated biomarkers (susceptibility/risk, diagnos-
tic, prognostic, monitoring biomarkers) and (ii) drug-related 
biomarkers (predictive, pharmacodynamics/response, safety 
biomarkers).

The conventional laboratory-based methods like high-
performance liquid chromatography (HPLC), gas chroma-
tography (GC), mass spectrometry (MS), enzyme-linked 
immunosorbent assay (ELISA), and polymerase chain reac-
tion (PCR) require complex procedures to obtain results, 
but several situations often require fast and on-site analyte 
detection. As a consequence, the scientific research has 
focused on the development and optimization of portable, 
affordable, and user-friendly rapid methods of analysis for 

the point-of-care (POC) testing (Nardo et al. 2021). The 
microbiological, immunological, and diagnostic methods 
such as enzyme immunoassay (EIA), chemiluminescence 
assay (CIA), polymerase chain reaction (PCR), flow cytom-
etry (FC), and mass spectrometry (MS) have been used to 
accurately identify molecular markers (Andryukov 2020). 
The contemporary monoplex/simplex techniques such as 
EIA and ELISA are able to characterize a single analyte for 
the accurate diagnosis of diseases. However, the monitor-
ing of more complex, multifactorial diseases such as can-
cer, autoimmunity/immunodeficiency, and neurodegenera-
tive diseases requires the analyses of multiple biomarkers in 
order to implement optimized therapeutic regimens (Tighe 
et al. 2015). In addition, it is advantageous to screen differ-
ent analytes simultaneously, enabling a rapid, low-cost, and 
reliable quantification of samples (Ahsan 2019; Dincer et al. 
2017). The development of technologies for the analysis of 
genome (genomic), transcriptome (transciptomic), proteins 
(proteomic), and metabolome (metabolomic) has ushered in 
a new era of analysis and discovery, which has yielded novel 
biomarkers (Ahsan 2019).

The immunochemical bioanalytical methods represent 
one of the most versatile strategies for point-of-need (PON) 
applications due to their ability to provide rapid and  spe-
cific results. Therefore, most screening and rapid labora-
tory assays and methods are based on immunoassays. An 
immunoassay is a biochemical test that is commonly used to 
measure the concentration of a target molecule. This method 
is based on the reaction of an analyte/antigen (Ag) with a 
selective antibody (Ab) forming an Ab-Ag complex. The 
efficacy of immunoassays is mainly based on the efficiency 
of Ab-Ag complex formation and  the ability to detect the 
rate of immunocomplex formation (Nardo et al. 2021).

Monoplex immunoassays

Immunoassays (IAs) allow the sensitive and specific detec-
tion of various analytes in complex biological samples and 
are widely used in hospitals, laboratories and research for 
the diagnosis of diseases and drug development. Since their 
introduction in 1960s, the radioimmunoassay (RIA) or in 
the 1970s, ELISA have become an indispensable analyti-
cal tools in a wide range of clinical diagnostic applications 
leading to better therapeutic choices. It is also widely used in 
industrial and analytical quality control such as the detection 
of contaminants in food and water and monitoring specific 
molecules during the processing of foods (Pal 2015). IAs have 
many applications in diverse scientific fields, e.g., agricul-
ture and environment, veterinary science, clinical medicine, 
food and nutrition, and molecular biology. It is useful for the 
analysis of compounds such as proteins, peptides, microor-
ganisms, toxins, hormones, antibiotics, vitamins, pesticides, 
metal ions, and nucleotides. IAs have been widely used for 
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the quantification of proteins and small molecules in medi-
cal diagnostics, proteomics, drug discovery, and biomedi-
cal research (Table 1). The IAs are supported by improved  
labelling and detection techniques (radionuclides, enzymes, 
biotin/streptavidine, dyes, fluorophores, chromophores, etc.) 
and methods for different phase separation (adsorption tech-
niques and support material e.g., microplates, coated tubes, 
beads) (Elmlinger 2011; Boguszewska et al. 2019). 

The enzyme immunoassays (EIAs) are the most common  
immunoanalytical assays that determine the concentration of  
antigens or antibodies in a complex mixture in which the activ-
ity of the enzyme is detected. The use of enzymes is advanta-
geous since it uses a variety of substrates such as hydrogen 
peroxide  (H2O2) that  form the coloured compound of chro-
mogen leading to the generation of  signals (Boguszewska 
et al. 2019). The enzymes horse radish peroxidase (HRP) 
and alkaline phosphatase (ALP) are the most commonly used 
enzymes in IAs (Grange et al. 2014). Enzymes are attached to 
the antibody or antigen by means of glutaraldehyde, sodium 
periodate, or enzyme-antienzyme complex (e.g., peroxidase-
antiperoxidase, PAP; alkaline phosphatase-alkaline antiphos-
phatase, APAAP). The IA methods involve labelling the anti-
gen or antibody, depending on the assay format, through direct 
conjugation with an enzyme, fluorophore, or chromophore or 
indirect conjugation with biotin (vitamin B7) or avidin/strepta-
vidin (proteins). Small antigens often undergo steric changes 
through conjugation with enzymes; therefore, these antigens 
can be conjugated with a spacer such as biotin, which cou-
ples the enzyme by using the linkers, avidin (egg protein) and 
streptavidin (Staphylococcus aureus protein). The egg protein 
avidin and the bacterial  streptavidin have a very high affinity 
for biotin (Elmlinger 2011). The bound enzyme metabolizes 
the substrate depending upon the reaction time resulting in 
the amplification of  signal (Elmlinger 2011).

Enzyme‑linked immunosorbent assay

Eva Engvall and Peter Perlmann (Engvall and Perlmann 1971) 
described a technique in where the antigens were immobilized 
onto a microplate well, incubated with diluted antiserum, and 
then, the concentration of antibody in the antiserum was quan-
tified using an enzyme-linked anti-immunoglobulin antibody 
(Engvall and Perlmann 1971) known as the enzyme-linked 
immunosorbent assay (ELISA). The enzyme immunoas-
say (EIA) was developed by Bauke Klass van Weemen and 
Antonius Hermanus Wilhelmus Maria Schuurs (Weemen and 
Schuurs 1971) for the quantification of antigen rather than 
antibody and is similar to ELISA (Grange et al. 2014). The 
EIA allows the detection of very small quantities of antigens 
such as protein, peptide, hormone, and antibody in a sample. 
They utilize the enzyme-labelled (alkaline phosphatase, glu-
cose oxidase) antigens and antibodies to detect the biological 
molecules (biomolecules). The antigen is allowed to bind to a Ta

bl
e 

1 
 T

he
 v

ar
io

us
 ty

pe
s o

f i
m

m
un

oa
ss

ay
 m

et
ho

ds
 (a

da
pt

ed
 a

nd
 m

od
ifi

ed
 fr

om
 (E

lm
lin

ge
r 2

01
1)

)

C
ol

or
im

et
ry

Fl
uo

ro
m

et
ry

C
he

m
ilu

m
in

es
ce

nc
e 

(C
L)

Ti
m

e 
R

es
ol

ve
d 

Fl
uo

re
sc

en
ce

 (T
R

F)

Pr
in

ci
pa

l
En

zy
m

e-
bo

un
d 

an
tig

en
 c

om
pe

te
s f

or
 th

e 
an

tib
od

y-
bi

nd
in

g 
sit

e;
 th

e 
en

d-
po

in
t i

s d
et

ec
te

d 
th

ro
ug

h 
di

ffe
re

nc
e 

of
 c

ol
ou

r i
n 

sp
ec

tro
ph

ot
om

et
ry

Fl
uo

re
sc

en
ce

 is
 m

ea
su

re
d;

 fl
uo

ro
ph

or
es

 
(e

.g
., 

flu
or

es
ce

in
, r

ho
da

m
in

e)
 ac

t 
di

re
ct

ly
 as

 la
be

ls 
or

 ar
e p

ro
du

ce
d 

en
zy

m
at

ic
al

ly

Li
gh

t i
s e

m
itt

ed
 in

 th
e 

ch
em

ic
al

 re
ac

tio
n 

ca
ta

ly
se

d 
by

 a
n 

en
zy

m
e

M
ea

su
re

m
en

t o
f e

m
itt

ed
 li

gh
t f

ro
m

 th
e 

ex
ci

te
d 

flu
or

op
ho

re
; u

se
 o

f l
an

th
an

id
es

 
w

ith
 e

xt
re

m
el

y 
la

rg
e 

St
ok

es
’ s

hi
ft,

 
de

ca
y 

tim
e 

an
d 

qu
an

tu
m

 y
ie

ld
A

ss
ay

 fo
rm

at
EL

IS
A

 (9
6-

w
el

l m
ic

ro
tit

re
 p

la
te

s)
A

ut
om

at
ed

 a
ss

ay
s (

EI
A

, E
LI

SA
)

A
ut

om
at

ed
 a

ss
ay

s
M

an
ua

l m
ic

ro
tit

re
 p

la
te

 a
ss

ay
; a

ut
om

at
ed

 
as

sa
y 

(D
EL

FI
A

: d
is

so
ci

at
io

n-
en

ha
nc

ed
 

la
nt

ha
ni

de
 fl

uo
re

sc
en

ce
 im

m
un

oa
ss

ay
)

Se
ns

iti
vi

ty
 

an
d 

ra
ng

e
R

an
ge

 o
f s

pe
ct

ro
ph

ot
om

et
er

 (o
pt

ic
al

 d
en

si
ty

 
0—

2.
0)

; m
or

e 
se

ns
iti

ve
 p

er
ox

id
as

e-
ba

se
d 

as
sa

ys

H
ig

he
r s

en
si

tiv
ity

 th
an

 c
ol

or
im

et
ry

 
(th

ro
ug

h 
re

pe
at

ed
 e

xc
ita

tio
n 

an
d 

ph
ot

om
ul

tip
ly

in
g)

H
ig

h 
se

ns
iti

vi
ty

; w
id

e 
ra

ng
e

H
ig

h 
se

ns
iti

vi
ty

; w
id

e 
ra

ng
e

Su
bs

tra
te

s
A

B
TS

 (2
,2
′-a

zi
no

-b
is

(3
-e

th
yl

be
nz

ot
hi

az
ol

in
e-

6-
su

lfo
ni

c 
ac

id
); 

O
PD

 (o
-p

he
ny

le
ne

di
am

in
e)

; 
TM

B
 (3

,3
′,5

,5
′-t

et
ra

m
et

hy
lb

en
zi

di
ne

)

4-
M

U
P 

(4
-m

et
hy

lu
m

be
lli

fe
ry

l 
ph

os
ph

at
e)

; m
ea

su
re

m
en

t o
f t

he
 

St
ok

es
’ s

hi
ft

, s
tim

ul
at

io
n 

w
ith

 
lig

ht
 o

f 3
65

 n
m

 a
nd

 m
is

si
on

 a
t 

44
8 

nm

El
ec

tro
ge

ne
ra

te
d 

ch
em

ilu
m

in
es

ce
nc

e 
(E

C
L)

; a
da

m
an

ty
l 1

,2
-d

io
xe

ta
ne

 
ph

os
ph

at
e;

 o
xi

da
tio

n 
of

 tr
ip

ro
py

la
m

in
e 

(T
PA

) a
nd

 ru
th

en
iu

m
-I

I; 
ch

el
at

e 
la

be
l 

of
 a

nt
ig

en
 a

t a
no

de
 a

nd
 e

xc
ite

d 
Ru

-I
I 

em
its

 li
gh

t

N
on

e

A
dv

an
ta

ge
 o

r/
an

d 
 

dr
aw

ba
ck

Si
m

pl
e 

an
d 

sp
ec

ifi
c;

 n
ar

ro
w

 ra
ng

e
H

ig
h 

se
ns

iti
vi

ty
; i

nt
er

fe
re

nc
e 

of
 

flu
or

es
ce

nc
e

H
ig

h 
sp

ec
ifi

ci
ty

, q
ui

ck
 si

gn
al

 g
en

er
at

io
n 

an
d 

m
in

im
um

 in
te

rfe
re

nc
e

M
in

im
um

 in
te

rfe
re

nc
e 

fro
m

 fl
uo

re
sc

en
ce

 
du

e 
to

 d
el

ay
ed

 m
ea

su
re

m
en

t

335Comparative Clinical Pathology (2022) 31:333–345



1 3

specific antibody, which is subsequently detected by a second-
ary enzyme-coupled antibody. A chromogenic substrate for the 
enzyme yields a visible colour  or fluorescence indicating the 
presence of an antigen using the method of colorimetry, also 
known as filter photometry. The fluorogenic substrates have 
higher sensitivity and can accurately measure the antigen con-
centration in the sample. The key step in ELISA is the direct 
or indirect detection of an antigen by immobilizing the anti-
gen or antigen-specific capture antibody, respectively (Fig. 1). 

The antigen can be specifically selected from a sample mix-
ture through a “capture” antibody. The antigen is thus “sand-
wiched” between the capture  and a detection antibody. If the 
antigen is small in size or has only one epitope (antigenic deter-
minant) for antibody binding, a competitive method is used for 
labelling either the antigen  which competes for the unlabeled 
antigen–antibody complex or the antibody that competes for 
the free or bound antigen in  a sample and can be used for the 
qualitative and quantitative estimation (Gan and Patel 2013).

Fig. 1  The different types of 
enzyme-linked immunosorb-
ent assays (ELISAs): a direct, 
b indirect, c sandwich, and d 
competitive (reproduced from 
(Boguszewska et al. 2019))

336 Comparative Clinical Pathology (2022) 31:333–345



1 3

ELISA is a solid-phase test that uses a colour reaction  
of the enzyme coupled to the antibody and is performed on  
microtitre plates where the antigen or antibody is adsorbed  
onto the walls of the  plate. The technique is based on the 
immobilization of the antigen on the surface of the solid 
phase and the addition of sample that contains antibodies 
specific for the antigen, covalently linked to the enzyme. 
The antigen forms an immune complex with the antibody in  
which the antibody is also bound to the substrate. After add-
ing the substrate, the enzyme catalyses the reaction result-
ing in a coloured product. The concentration of the product 
is determined spectrophotometrically through an ELISA 
reader allowing quantitative   analysis. The amount of prod-
uct formed corresponds to the concentration of the antibody-
antigen complex which is calculated based on a standard 
curve determined using specific standard. The quantity of 
a product, equivalent to the concentration of the antibody-
antigen complex, is depended on the amount of the given 
substance in the sample. Therefore, there are several types of 
methods which are known as direct, indirect, sandwich, and 
competitive ELISAs (Boguszewska et al. 2019; González-
Martínez et al. 2018; Slage and Immunoassays 1996; Wu 
2006; McCarthy 2003; David 2005; Li et al. 2018; Cox et al. 
2004; Davies 2013) (Fig. 1).

In laboratory diagnostics, an indirect ELISA is most com-
monly employed in which two types of antibodies are used,  
a primary antibody, which recognizes a given antigen and 
a  secondary antibody, which is labelled and recognizes 
the primary antibody. The standard ELISA technique does 
not show high sensitivity and, therefore, a “sandwich”-type 
ELISA was introduced in which the antigen is not immobi-
lized directly onto the substrate but is bound to the coat anti-
body on the microplate (Fig. 1). This assay is used to detect 
the amount of the test protein in a sample and diagnostic tests 
e.g., to determine the titre of antibodies in the blood. The 
oxidative DNA damage products e.g., thymine glycol (Tg, 
5,6-dihydro-5,6-dihydroxythymine), and 8-hydroxyguanine 
(8-OHGuo, 8-oxo-Gua) may also be detected through the 
commercially available kits (Boguszewska et al. 2019). The 
ELISA test is one of the most popular and common techniques 
due to a number of advantages such as versatility, high sensi-
tivity and selectivity, specificity of reaction, relatively short 
analysis time, simplicity of execution, and low cost making 
it practicable and economical. However, there are also some 
disadvantages e.g., non-availability of specific antibodies and 
the reduced specificity of antibodies labelled with enzymes 
which have led to the improvements  and introduction of more 
efficient methods and techniques  (Boguszewska et al. 2019).

Radio immunoassay

The first radioactive IA was developed by Rosalyn Yalow 
and Soloman Berson in 1959 (Yalow and Berson 1959). 

They used radiolabelled insulin to measure the concentration  
of insulin in human plasma which led to the development 
of RIA. Therefore, RIA replaced the existing bioassays and 
precipitation tests (radial double diffusion/radial immuno-
diffusion, RID;  immunoelectrophoresis,  IEP; electroim-
munoassay/electroimmunodiffusion/rocket immunoelec-
trophoresis, RIEP). RIA is a quantitative method that uses 
radioactive isotopes for the detection of antigen–antibody 
interaction through direct or indirect measurement of the 
unlabeled substance binding to a specific antibody. The 
higher the radioactivity of the sample, the higher the con-
centration of the substance present. There are a number of 
isotopes that are employed in RIA such as 125I (radioac-
tive iodine), 32P (radioactive phosphorus), 14C (radioactive 
carbon), and 3H (radioactive tritium). Depending on the 
radioactive compound, β (low penetration) or γ (high pen-
etration) radiation is emitted (Annesley 2010; Chard 1996;  
Goldsmith 1975), which is detected by a gamma counter. 
RIA is employed in many diagnostic tests due to its sen-
sitivity and simplicity and consists of three stages: immu-
noreaction (antigen/antibody binding), competitive bind-
ing and competitive displacement reaction, which gives 
specificity and measurement of radioemission providing 
high sensitivity (0.0006–0.006 µg antibody/ml). The RIA is 
a robust and inexpensive technique but is limited by the half-
life of the radioactive material, hazardous waste disposal, 
specialized instruments, and trained laboratory personnel. 
For decades, the technique was mainly applied for diagnostic 
purposes to analyse an antibody or antigen for the diagnosis 
of a disease or pathological condition (Haschek et al. 2010; 
Preedy et al. 2009; Berton and Mitchell 2012). Nowadays, it 
is also used in screening for immunity, allergens in the food 
industry, or molecular biology laboratories. A few variants 
of the RIA method are also employed that enlarge the range 
of applications such as immunoradiometric assay (IRMA), 
radioallergosorbent test (RAST), and Farr assay (dsDNA-Ab 
RIA) which are employed for the detection of anti-double 
stranded DNA (anti-dsDNA) antibodies in autoimmune dis-
eases (Boguszewska et al. 2019; Smeenk et al. 1991, 1990; 
Derksen et al. 2002; Fadal 1992; Miles 1975).

Another commonly used IA is electrochemiluminescence 
(ECL) which is widely used in large automated immunoas-
say platforms. It is based on the oxidation of a tripropylamine 
(TPA) and ruthenium-II (Rhu(II)) chelate label of the antigen 
at the anode. An excited state of Ru(II) intermediate product 
is generated, which emits light that is detected and quantified. 
The IA is carried out by causing the ruthenium label to bind 
to antibodies on suspended or magnetic beads (Elmlinger  
2011). Moreover, IAs that does not require the use of 
enzymes and radionuclides are now being developed. These 
assays include competition assays using fluorescent peptides 
and a variety of labelled streptavidin compounds for use with 
biotinylated antibodies or peptides. The enzyme multiplied 
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immunoassay technique (EMIT) requires an enzyme-linked 
antigen that competes with the sample antigen for antibody 
binding, and the enzyme is deactivated by antibody binding. 
In the fluorescence polarization immunoassay (FPIA), the 
bound and unbound fluorescein-conjugated antigens emit 
fluorescence  that can be detected (Grange et al. 2014).

Lateral flow immunoassay

Among the immunoassay-based analytical platforms, the lat-
eral flow immunoassay (LFIA), also known as immunochro-
matographic tests, has been successfully used in diagnosis of 
many diseases and conditions as they allow rapid detection 
of molecular ligands in bioanalytical samples (Table 2). 
The popularity of these diagnostic platforms is constantly 
increasing in healthcare facilities, particularly those facing 
limited budgets and time, as well as in household use for 
individual health monitoring. The advantages of these low-
cost devices over modern laboratory-based analysers  is their 
availability, rapid detection, and ease of use. The effective-
ness of these portable diagnostic tools is primarily associ-
ated with their high analytical sensitivity and specificity and 
ease of visual analysis of results. The LFIA is becoming 
increasingly popular in developing countries, when applied 
at small hospitals, in emergency situations where screening 
and monitoring health  is crucial and  for individual self-
testing (Andryukov 2020).

The principle of diagnostics based on paper chromatog-
raphy (PC) was first proposed by R. Yalow and S. Berson  
(Yalow and Berson 1960) using paraffin/wax paper to 
detect insulin in human blood and was named as sol particle 
immunoassay (SPIA) or lateral flow immunoassay (LFIA). 
The PC method was later replaced by nitrocellulose, and the 
range of laboratory diagnostics was extended for determin-
ing other blood analytes (hormones, enzymes, vitamins, and 
markers of infectious diseases). As the technology devel-
oped, the range of its applications expanded to infectious 
diseases, cardiovascular diseases, cancer biomarkers, food 
pathogens, and veterinary diagnostics. Several variants of 

LFIA have been proposed that are more sensitive, affordable, 
and user friendly allowing their use not only by laboratory 
staff, but also by other medical specialists and patients for 
self-monitoring of their health (Andryukov 2020). The cur-
rent generation of LFIAs have high sensitivity and selectiv-
ity which is achieved by combining thin-layer chromatogra-
phy (TLC), analyte-specific antibodies, DNA/RNA-specific 
sequences, and analyte labelling (Posthuma-Trumpie et al. 
2009). Therefore, when antibodies are exclusively used as 
recognition elements, it is known as LFIA. However, a com-
bination of antigen–antibody interaction and the detection 
of specific  doubled-stranded amplicon (ds-amplicon)  after 
PCR is known as nucleic acid lateral flow immunoassay 
(NALFIA) and that of specific nucleic acid hybridization 
of amplicons with immobilized complementary probes is 
known as nucleic acid lateral flow assay (NALF) (Posthuma-
Trumpie et al. 2009).

The LFIA, also known as immunochromatographic strip 
test (ICST), or rapid diagnostic test (RDT), has become one 
of the most successful analytical platforms for PON testing 
requiring little or minimum infrastructure. The LFIA is a 
paper-based bioanalytical technique for the on-site detection 
of targets in a few minutes. LFIAs satisfied all the criteria 
of an ideal POC testing that is required to be “ASSURED” 
(Affordable, Sensitive, Specific, User-Friendly, Rapid and 
Robust, Equipment-Free and Delivered) (Kettler et al. 2004), 
and  has become the benchmark for POC/PON testing (Nardo 
et al. 2021). The LFIA can be considered as a lab-in-a-hand 
and together with other PON tests is an example of sample-
to-lab to lab-to-sample for improving the decision making 
and turnaround time. The LFIA application has been rapidly 
extended to  the detection of hormones, parasites, bacteria, 
cells, viruses, biological markers for clinical purposes to 
include food and feed safety, veterinary medicine, environ-
mental control, forensic analysis, etc. Usually, for both the 
competitive and the noncompetitive format, the detection 
limit of LFIA is between 0.1 and 10 ng/mL. The analytical 
sensitivity and versatility have made LFIA the most commer-
cially available POC diagnostic platform (Nardo et al. 2021; 

Table 2  The LFIA test systems 
for the identification of viral 
diseases (adapted and modified 
from (Andryukov 2020))

Pathogen Target analyte Test system

Chikungunya virus (CHIKV) IgM Chromatographic
Dengue virus (DENV) Ig G/IgM Multiplex
Dengue virus (DENV) Non-structural protein 1 (NS1) Magneto-enzyme
Ebola virus (EVD) IgG/IgM Multiplex
Hepatitis C virus (HCV) IgG Multiplex
Human immunodeficiency virus (HIV) IgG Multiplex
Human immunodeficiency virus (HIV) p24 antigen Monoplex
Human polyomavirus (PyV) BK (BKV) DNA Monoplex sandwich-type
Yellow fever (YF) virus IgG/IgM Multiplex
Yellow fever (YF) virus Non-structural protein 1 (NS1) Chromatographic
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Andryukov 2020). The advancement in LFIA technology is 
the development of multiplex systems or format which allows 
the detection of various bacterial or viral antigens in a single 
assay (Nardo et al. 2021; Andryukov 2020; Jørgensen et al. 
2015) (Table 2). The wide acceptance of LFIA platform has 
also played a prominent role in the detection of the severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
(Espejo et al. 2020; Ruhan et al. 2020; Zhu and Woong 
2020; Deeks et al. 2020; Dinnes et al. 2020; Vashist 2020;  
Mekonnen et al. 2020; Kailasa et al. 2021; Antiochia 2021; 
Ernst et al. 2021) (Fig. 2).

Multiplex immunoassays

There is an increasing demand for technologies that are 
capable of extracting large amount of bioinformation from 
a limited sample volume for better diagnosis, prognosis, 
and treatment of diseases. This has led to the development 
of low-cost, flexible, and high throughput methods for 
simultaneous detection of multiple proteins. The develop-
ment of multiplex immunoassays allow the simultaneous 
measurement of multiple analytes in a single biological 
sample with minimal assay time, cost, and sample volume 
(Ahsan and Ahmad 2020). After overcoming the technical 
hurdles, the multiplex  platform-based technologies have 
been applied in biomedical research and clinical diagnostics 
(Zheng and He 2012). The so called multiplex technology  
could be useful in the biopharmaceutical industry to rapidly 
identify and screen various preparations which may be help-
ful in the identification and quantification of biomarkers in 

pharmaceutical product and epidemiological studies (Ahsan 
2019).

The concept of multiplex immunoassay was described by 
Feinberg in 1961 for “microspot” test of antibody-antigen  
reaction in thin agar films and first demonstrated by Roger  
Ekins (Ekins 1989; Feinberg 1961). In 1989, Ekins described  
the principles of microarray technology and proposed that a  
tiny spot of a purified antibody provides better sensitivity 
rather than a larger quantity. This technique has immense 
potential applications in biomedical research and clinical 
diagnostics and a large number of platforms have been devel-
oped with the advancement in technology (e.g., fluidics, 
optics, automated sample handling device) and bioinformat-
ics leading to a high-throughput multiplex immunoassays 
(Hsu et al. 2009; Krishhan et al. 2009; Nolan and Mandy 
2006). Therefore, multiplex technology provides high ana-
lytical accuracy and  saves time, material, and labour cost 
allowing efficient handling of a large number of samples 
over conventional ELISAs (Tozzoli et al. 2015). Although 
there are still some challenges (e.g., complexity, cost, valida-
tion), multiplex protein test panels are now being increas-
ingly used in clinical diagnostics (Rajagopal et al. 2013). 
Several commercial multiplex immunoassay platforms are 
available in the market, including Luminex bead–based plat-
forms, Multiarray Technology from Meso Scale Discovery, 
and protein microarray platforms, etc. (Zheng and He 2012) 
(Table 3).

An ideal device for emergency testing should offer high 
performance, sensitivity multiplexing capability, short turna-
round time, less system complexity including low cost for 

Fig. 2  The different diagnos-
tic assays for the detection of 
coronavirus, SARS-CoV-2. 
Abbreviations: NAAT nucleic 
acid amplification test, ELISA 
enzyme-linked immunosorbent 
assay, CT computed tomogra-
phy, LFIA lateral flow immuno-
chromatographic assays, NGS 
next-generation sequencing 
(reproduced from (Oishee et al. 
2021))
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analysis and maintenance and minimum user intervention 
(Dincer et al. 2017). The multiplex diagnostic device capa-
ble of high-throughput analysis of several parameters has 
become increasing significant in the last few decade that are 
able to characterize various biomarkers simultaneously e.g., 
RNAs, metabolites, proteins, and cells (Dincer et al. 2017).  
Multiplex immunoassay confers several advantages over 
simple IAs including increased efficiency, greater output 
per sample volume, and higher throughput  and detailed 
diagnostics. Most of the diagnostic methods rely on IAs or 
enzymatic reactions and depend on the sample (e.g., matrix 
effects, patient-to-patient variations) and environment (e.g., 
temperature, humidity). The emerging requirements for 
novel biomarkers (e.g., aptamers) or targets (e.g., RNAs, 
tumour cells, exosomes, miRNA) and their applications for 
diagnostic, prognostic, and therapeutic implications will 
form the basis of multiplex  formats in future (Dincer et al. 
2017; Rajagopal et al. 2013).

Multiplex technology may also be useful for the simulta-
neous detection of different autoantibodies in various auto-
immune diseases (AID) (Tozzoli et al. 2015). Multiplex  
assays can detect  specific autoantibodies in a single  
run, whereas a traditional ELISA uses a single antigen to 
detect only a single specificity of autoantibodies. Thus, in 
multiplex assays, a combination of recombinant or native 

antigens or antigenic peptide is used to detect  autoanti-
bodies. The classical  IAs such as double immunodiffu-
sion (DID) or immunoprecipitation (IP) can detect specific 
autoantibodies in a single run (Satoh et al. 2015). The dif-
ferent types of multiplex assays include line immunoassay 
(LIA), multiplex bead assay (MBA) and solid-phase antigen 
microarray. LIA is similar to the dot/slot blot or western blot 
immunoassay in which the diluted serum is incubated with 
several antigens bound onto a strip. In MBA, beads of dif-
ferent sizes and/or fluorochromes are coated with specific 
antigen and mixed to allow detection of a particular autoan-
tibody. In antigen microarrays, the antigens are coated onto 
a slide or membrane. The strips, beads,  slide/membrane,  
antigen mixture are incubated with a dilute serum, and many  
autoantibodies can be detected (Satoh et al. 2015).

The multiplex immunoassays employ traditional  IA meth-
ods in which either antibodies or proteins/peptides are used 
as binder molecules to capture circulating proteins or anti-
bodies, respectively. Basically, there are two types of mul-
tiplex immunoassays: (a) planar microarray (protein chips) 
and (b) suspension array (microparticle or bead microarrays) 
(Boguszewska et al. 2019; Zheng and He 2012) (Fig. 3). 
The protein chip assays are miniaturized and contain small 
amounts of purified proteins in a high-density format and 
allow the simultaneous determination of a large number of 

Table 3  The different types of multiplex assays for the detection of various biomarkers (adapted and modified from (Tighe et al. 2015))

The diagnostic and pharmaceutical companies such as Meso Scale Discovery, Bio-Rad, Qiagen, Invitrogen, Millipore, Merck, Origene, Perkin 
Elmer, Biomatrix, Genzyme, Pharmacia, Whatman, and Randox are the license holders and copyright owners of the diagnostic kits that are 
available in the market based on this technology for the detection of biomarkers, drug discovery, infectious diseases, and genetic analysis

Multiplex immunoassays Platform Biomarker detection

1 A2® Multiplex ELISA Human Cytokine Panel (QuantiScientifics) Planar Cytokines
2 BeadChip™ (Immucor) Beads Antibodies in autoimmune diseases
3 Biochip Array (Randox) Planar Proteins
4 Bio-Plex ® 2200 Autoimmune and Infectious Disease Panels (Bio-

Rad Laboratories)
Luminex Antibodies in infectious and autoimmune diseases

5 CBA Human Th1/Th2/Th17 Kit (BD Biosciences) Flow cytometry Cytokines
6 Ciraplex® (Aushon) Planar Cytokines
7 FAST Quant® (Whatman) Planar Antibodies in autoimmune diseases
8 FIDIS™ System (Theradiag) Luminex Antibodies in autoimmune diseases
9 FlowCytomix™ Multiplex (eBioscience) Flow cytometry Proteins
10 Human Cytokine Array Panel A (R&D Systems) Planar Acute phase proteins
11 IgE-QBA™ (INDOOR Biotechnologies) Luminex Antibodies in allergies
12 ImmunoCAP® ISAC (Phadia) Planar Antibodies in allergies
13 INNO-BIA AlzBio3 (Innogenetics NV) Luminex Proteins in neurodegenerative disorders
14 Multi-array microplate (Meso Scale Discovery) Planar Proteins
15 MyAllergyTest (ImmuneTech) Luminex Antibodies in allergies
16 Optiplex Borrelia (DiaMex) Luminex Antibodies in infectious diseases
17 Plexus™ HerpeSelect® (Focus Diagnostics) Luminex Antibodies in infectious diseases
18 Q-Plex™ array (Quansys) Planar Acute phase proteins
19 QUANTA Plex® (INOVA Diagnostics) Luminex Antibodies in autoimmune diseases
20 Quantibody® (RayBiotech) Planar Proteins, antibodies
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analytes from a small amount of sample in a single experi-
ment. These assays are prepared by immobilizing proteins 
onto a microscope slide and then probed for a variety of func-
tions and the resulting signals are detected using a fluores-
cent or radioisotopic label (Pal 2015). The planar arrays are 
of two types, either the slide or microtitre-based format. In 
planar microassays, the capture ligands are immobilized on 
a rigid two-dimensional support, probed with sample and 
the fluorescent or chemiluminescent signals detected. In the 
slide-based format, the repeated or individual assays com-
posed of specific sets of antibodies are printed robotically 
on the activated slide surface. The sample matrix is applied, 
and discrete assays are spatially separated and considered as 
individual microtitre wells. The microtitre-based assay con-
sists of antibodies bound onto the wells of a standard and 
conventional protein-binding ELISA plate (Ellington et al. 

2010). The application of a specific secondary antibody cou-
pled to a chemiluminescent or fluorescent reporter  results in 
the detection of signal.

In suspension assays, the capture ligands are immobilized 
onto colour or size-coded microspheres and specific fluores-
cent signals are detected using flow cytometry (Ellington 
et al. 2010). The suspension assay employs plastic micro-
beads infused with a chemiluminescent/fluorescent dye and 
an activated surface linking it to a specific capture antibody. 
The detection antibodies with chemiluminescent/fluorescent 
reporter are added upon completion of incubation and wash-
ing stages. Several beads are prepared, each with a sepa-
rate capture antibody according to the analyte and a unique 
fluorescent signature that enables identification. Each bead 
accommodates a “sandwich” consisting of a captured target 
analyte and similar reporter-conjugated detection antibody. 

Fig. 3  The multiplex immunoassays: A planar microarray (protein 
chips) and B suspension array (microparticle or bead microarrays) 
(reprinted from (Tighe et  al. 2015)). These multiplex immunoassays 
use serum samples for the analysis of various biomarkers.  A Planar 
arrays can be produced in two formats -  slide  or microtitre.  (i) The 
slide‐based format support numerous layouts whereby repeated or 
individual assays composed of specific sets of antibodies are printed 
robotically upon the activated slide surface. (ii) The sample matrix is 
applied and discrete assays are spatially separated and  treated as indi-
vidual microtitre wells. (iii) The detection is through the application of  
specific secondary antibodies coupled  with a chemiluminescent/fluo-
rescent reporter systems. (iv) Microtitre‐based immunoassay harbour 
regularly printed antibody sets within the wells of a standard (SBS for-
mat) protein‐binding plate. (v) The plate may thus be treated as in a 
conventional ELISA (i.e. blocking, incubation and washing followed 
by detection with a set of reporter‐conjugated detection antibodies). B  

(i) The suspension assay employs thousands of micrometre‐sized plas-
tic microbeads infused with a single (or several) chemiluminescent/
fluorescent dyes and a functionally activated surface, prior to linking 
with a specific capture antibody. (ii) Numerous sets of such beads are 
prepared, each maintaining separate capture antibodies according to 
the  analyte and a unique fluorescent signature enabling identification. 
(iii) The  detection antibodies, which are individually labelled with a 
single chemiluminescent/fluorescent reporter (separate from those 
contained within the beads) are added upon completion of incubation 
and washing stages. (iv) Each bead thus accommodates a ‘sandwich’ 
consisting of the captured target analyte and the  reporter‐conjugated 
detection antibody. (v) The bead analyte reporter constructs are  ana-
lyzed in a flow chamber enabling bead separation in which lasers 
excite the chemiluminescent/fluorescent reporters and emitted light is 
collected by a series of detectors for quantitative analysis
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The bead analyte reporter constructs are analysed in a flow 
chamber where  lasers excite the reporters and the emitted 
light is collected by a series of detectors for quantitative 
analysis (Tighe et al. 2015).

Multiplex assays as an alternative to animal 
research

Alternatives to animal testing include in vitro tests using 
cell lines, tissue samples, 3-dimensional modelling and bio-
printing, in silico tests, organ-on-chip technologies such as 
3-dimensional organoids, and computer modelling (Groell 
et al. 2018; Mittal et al. 2019; Benam et al. 2019; Doke and 
Dhawale 2015; Burt et al. 2018; Herrmann et al. 2019). The 
advancements in bio-informatics and in silico computational 
methods along with cell and tissue engineering have been 
developed as alternatives to animal studies (Swaminathan 
et al. 2019 May; Danchin et al. 1991; Sieburg 1990). The two 
important advancements are (i) organ (animal/human)-on-a-
chip models, which employ multi-channel 3D-microfluidic 
cell culture chips to simulate the activity, mechanics, and 
physiological responses of  organs and organ systems, acting 
as a type of artificial organ. In this model, a tandem con-
nection to other organs using flow dynamics can be used 
to create more relevant in vivo systems (Souza et al. 2018); 
(ii) disease-in-a-dish model, where patient-derived cells 
are grown into organoids for prediction of individual drug 
responses, and successful phase III clinical trials (Orwant 
2006; Hall 2011). The ability to grow cells in 3D in con-
trolled environment has lead to the development of cultured 
organs (organoids) that show functional properties of organs 

in the human body. These organoids are useful tools for test-
ing drug, pathology, and regenerative medicine, as they repli-
cate human physiology, diseases, and drug response (Fig. 4). 
The 3D-culture systems provide cost-effective and relevant 
information and a better translational model compared to 
experimental animal studies. Thus, the conventional clinical 
diagnostics tools that measure plasma creatinine, cholesterol, 
and glucose are being expanded to include multiplexing tech-
nology utilizing omics tools (Swaminathan et al. 2019 May; 
Low et al. 2018). The goal for reducing the time and cost 
of drug development, together with reduced public support 
for animal research, is driving attempts to find alternatives 
to animal testing such as multiplexing and microarray plat-
forms. In addition, accurately identifying the agents that are 
human safe but  fail animal testing will more likely increase 
potential effective therapeutics in human diseases.

Conclusion

The monoplex/simplex immunoanalytical techniques are 
widely used as diagnostic or analytical tools in biomedi-
cal research for the detection and quantification of spe-
cific antigens or antibodies in a given sample through the 
method of ELISA. However, some diagnostic laboratories 
and organizations employ alternative screening analytical 
platforms such as the microarray and multiplex immuno-
assays. The multiplex assay is the simultaneous on-site 
detection of different analytes from a single specimen and 
has recently gained importance in clinical diagnostics or 
directly at POC. These techniques are based on protein or 
antibody microarrays or chips, coated beads, glass fibres, 

Fig. 4  The concept of organ-on-a-
chip e.g., multiorgan chips using 
biosensors, organoids derived 
from stem cells, and patient-
derived diseased organs (Source: 
www. reage nebio scien ces. com. 
Reproduced from (Swaminathan 
et al. 2019 May))
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or microcapillary discs using immobilized RNA, DNA, 
cDNA, and aptamers. The multiplex reactions are some-
times advantageous over conventional immunoassays by 
performing many reactions and the ability to extract more 
information from the same sample in a fast and efficient 
manner. However, multiplex assays are not available in 
most diagnostic laboratories and requires expensive equip-
ment and trained personal. The multiplex assays require 
advanced methodology or/and technology such as fluo-
rescence or chemiluminescence (PCR, ELISA), assays 
(microarrays, gel electrophoresis), and signals (capillary 
electrophoresis). The LFIA is one of the most success-
ful analytical platforms for the on-site detection of target 
substances. The features of LFIA have made them a very  
important and significant tool in clinical diagnostic where 
they can improve patient care by enabling prompt diagno-
sis and treatment. The goal of reducing the time and cost 
of drug development are the incentives and driving forces 
to find alternatives to animal testing that may bring about 
an improvement in identifying human safety and toxic-
ity for therapeutics. In addition, accurate identification of 
agents that are human safe will increase potential effective 
therapeutics in human diseases. The alternatives to animal 
research such as cell and tissue platforms, computational 
in silico modelling, 3D tissue platforms, and organ-on-
chip research have shown great promise in diagnostics 
and pharmacology and may have a significant impact on 
advancements and technological developments.
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