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Abstract

Early diagnosis of diseases (before they become advanced and incurable) is essential to reduce
morbidity and mortality rates. With the advent of novel technologies in clinical laboratory
diagnosis, microbead-based arrays have come to be recognized as an efficient approach, that
demonstrates useful advantages over traditional assay methods for multiple disease-related
biomarkers. Multiplexed microbead assays provide a robust, rapid, specific, and cost-effective
approach for high-throughput and simultaneous screening of many different targets. Biomolecular
binding interactions occur after applying a biological sample (such as blood plasma, saliva,
cerebrospinal fluid etc.) containing the target analyte(s) to a set of microbeads with different
ligand-specificities that have been coded in planar or suspension arrays. The ligand-receptor
binding activity is tracked by optical signals generated by means of flow cytometry analysis in the
case of suspension arrays, or by image processing devices in the case of planar arrays. In this
review paper, we discuss diagnosis of cancer, neurological and infectious diseases by using
optically-encoded microbead-based arrays (both multiplexed and single-analyte assays) as a
reliable tool for detection and quantification of various analytes.
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1. Introduction

Many life-threatening diseases start out at clinically undetectable levels, and steadily
increase in severity with time, until symptoms eventually appear. The sooner that the disease
is diagnosed, the more successful therapies will be in curing, treating and reversing the
progress of the disease. Early detection of disease has therefore assumed an essential role in
modern medical therapy. Surveillance and monitoring of the progression and/or the
management of the disease, and individually assessing the response to treatment are
becoming the hallmarks of personalized medicine [1,2].

Microbead-based arrays are an emerging technology used for early diagnosis, and in
simultaneous detection, quantification and profiling of a range of targets of interest relevant
to a particular disease. Preliminary work in this field was carried out as early as 1926 when
various particulate materials were used in biological investigations. The first systematic
study of the development of well-defined albumin microspheres for diagnostic applications
was performed in the late 1960s by Rhodes, Scheffel, Wagner, Zolle and their colleagues [3].
Attempts towards optimizing and developing antibody-based multiplexed assays (and
commercial instruments and Kits) date back to over 20 years ago [4]. By use of a multiplex
detection-based system, scientists can predict the possibility of disease occurrence before the
appearance of the first clinical symptoms at the very early stages. Biomarkers may be related
to genetic information such as a mutation or change in amino acid positions in a double-
stranded DNA or RNA structure, alterations in a complex protein or gene structure, or the
appearance of a single specific (or multiple) antigens that correlate with the presence of a
disease. This technology also has significant applications in the analysis of protein/
gene/DNA profiles, experiments for drug discovery, research, and optimization of clinical
laboratory diagnosis [5-9]. Certain particular biomarkers have been shown to be
characteristic of many specific disease states, or other physiological disturbances of an
organism that can be used as an indicator to diagnosis or predict disease [10-13].

Cancer progression can be broadly divided into two phases (Fig. 1). The first preclinical
phase starts at the initial point when enough irreversible mutations in the cells have taken
place, until the first noticeable symptoms of disease are detected. The more observable
clinical phase comprises the period between symptoms appearing and commencement of
therapy. Early detection is defined as taking place in the preclinical stage, and the finding of
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prognostic or diagnostic biomarkers in this phase may allow effective interventions in order
to prevent any symptoms even appearing [3].

Microbeads are defined as spherical polymeric particles in the size range from 0.5 to 500
mm diameter. Reactions take place on the surface of these microbeads that function as a
solid-support surface to capture analytes (molecular targets in the sample) of interest.

There are two basic different types of microbead-based technologies: solid-state planar bead
arrays, and liquid-state suspension bead arrays, which both have extensive multiplexing
capability (Fig. 2). In the microbead planar array format (Fig. 2A), microspheres are
attached in place at known locations onto a solid surface by various means (such as creating
microholes and micro-machined cavities etc.). The solid surfaces can be made of polymers
or glass [14-16]. Binding reactions happen in the same way as for suspension arrays, and
ultimately there is a two-dimensional array consisting of false or true reacted spots. The
identity of each spot is known from its location in the grid [17]. In order to analyze the
interactions occurring on the solid support a fluorescent image with a CCD camera is
captured. In the next steps, image processing and annotation are carried out by software
designated for that imaging system [7,18-20]. The chief benefit of using a planar microarray
is the fact that thousands of separate tests can be implemented in parallel, making it suitable
for powerful applications in genomics, proteomics, and drug discovery [8]. “MesoScale
discovery” (MULTIARRAY/MULTI-SPOT) and FastQuant (FAST Quant System) with an
ability to measure 10 analytes, and “Searchlight” which is a 24-plex assay are examples of
commercial multiplexed planar format microarrays [21].

The multiplexed suspension arrays (Fig. 2B), are composed of a mixture of optically
encoded polymeric microspheres each conjugated to a specific antibody or other ligand
designed to recognize and capture a different specific analyte.

High-throughput screening of biomarkers in clinical analysis can be achieved by a
multiplexing approach, which means simultaneous quantification of many different
biomarkers whose interrelated expression levels combined together, may be indicative of an
individual disease, or show the presence of one particular type of disease such as cancer,
neurological or infectious disease. Multiplexed bioassays increase the sensitivity and provide
a more efficient, fast and accurate diagnosis using a single relatively small sample volume
[8,22,23].

In suspension bead-based assays, suspended beads are mixed with a sample containing
different antigens or analytes [17,22,24,25]. The detection principles of suspension bead
based assays can be categorized into three subtypes; protein determination (immunoassays),
nucleic acid detection, and receptor-ligand assays [26]. Firstly, the microbead-based
immunoassay detection principle mainly includes sandwich-type assays and competitive
type assays [26]. In a competitive assay, the interaction of unlabeled analyte (usually the
antigen in the sample) with the labeled antibody on the surface of microspheres is the goal.
A reduction in the binding of the labeled antigen then signifies the presence of the unlabeled
form. In this system, the detectable signal declines with an increase in analyte concentration,
which creates a high background signal. On the other hand, in hon-competitive immuno-
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assay formats (usually sandwich-type formats), the antigens are captured by bead-
conjugated primary antibodies and then sandwiched between the primary antibody and a
matching fluorescently labeled secondary detector antibody as is used in a traditional
sandwich immunoassay complex [17,27]. This assay type can achieve the highest level of
sensitivity because of the use of two matching antibodies (Fig. 3). The amount of labeled
secondary antibody bound to the bead-bound antigen is proportional to the amount of
antigen present in the original sample. For this reason the sandwich assay is one of the most
sensitive and popular techniques in early diagnosis [28]. In addition, microbead assays can
be applied for specific nucleic acid sequence detection, in which the analyte sequence
hybridizes with oligonucleotide probes coated on the microspheres. This assay makes the
identification of single nucleotide polymorphisms (SNPs) or point mutations in the
examined sample, feasible [26]. Microparticles can also be a good substrate for fluorescently
labeled enzyme tests and for ligand immobilization.

The molecular interactions that occur on the microspheres can be read out by means of flow
cytometry. The application of flow cytometry for screening of microbeads and molecular
interactions, started in the 1970s [29]. Flow cytometry provides the ability to measure the
fluorescence from a wide range of optically encoded microspheres and from the labeled
secondary antibody at high speeds (50 million events per day) and with high sensitivity
[7,8,17,30]. In suspension array technology, interactions occur in all dimensions on the
microbead surface, hence they show faster binding kinetics, and attain better hybridization
rates between capture ligand and target analytes [6,8,31]. Overall, both approaches provide a
high degree of multiplexing, good sensitivity and specificity, decreased labor requirements,
and low cost. However, suspension bead arrays have higher binding rates, faster decoding
speed, more flexibility, better quality, faster binding kinetics and lower analysis time
compared to planar bead arrays [6-8,23].

Although this approach is beneficial, it suffers from some limitations which are discussed
below. The level of multiplexing in suspension bead based assays is limited by factors such
as availability of reagents (antibodies, oligonucleotides, etc.) and the utilized assay
chemistries (antibody sandwich assay, hybridization, PCR etc), which can cause significant
cross reactivity and loss of measurable response at very high multiplexing levels [29]. From
the immunological aspect, the availability of matched antibody pairs that do not cross-react
can be limiting [32].

Bead-based optical immunoassays are based on the interaction between an antibody and an
antigen, where the bead has an intrinsic fluorescent barcode and the analyte or secondary
antibody has a different fluorescent label [33-35]. Although fluorescence is the commonest
optical signal, different read-outs such as chemiluminescence [36],
electrochemiluminescence [37], and surface-plasmon resonance (SPR) [38] have been used.

The basic concept of multiplexing is to develop microspheres that have optical barcodes on
their surface or embedded inside them, so the specific binding ligand that has been attached
to each bead can be identified and retrieved. One of the widely used methods for

multiplexing is barcoding the microbeads with different amounts and different wavelengths
of a set of fluorescent dyes that are introduced into the interior or attached on the surface of
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the microbeads. Bead-based assays for analytes is an attractive strategy for rapidly
determining large numbers of concentrations [21]. Bead based assays are a user-friendly
technique; i.e., the measurable parameters can be adjusted by the user. The wide variation in
types of analytes increases its applications (nucleic acids, antigens, antibodies, receptors).
The assay is repeatable due to the fact that it is flow cytometry based. Analysis of up to 100
reactions or assays per well is feasible by this assay [21]. This outstanding property provides
the ability to combine a large number of different assays, like DNA, receptor-ligand,
immuno-assay and enzyme to solve a tricky problem in life science research, drug discovery
as well as diagnostic areas. However, still there are some limitation. For instance, in [39] the
authors reported that the 100-plex Luminex multiplex method was unable to detect many
cytokines in a high percentage of patient plasma samples. They reported that interference by
biomolecules such as heterophilic antibodies, present in complex sample matrices such as
plasma, is the leading cause of the incapability of the multiplex method to distinguish these
analytes.

After applying the barcode to a microsphere, attaching the specific binding ligand, a labeling
step is usually required to monitor whether the binding event of the analyte has occurred.
Direct conjugation of a fluorescent label to the sample itself is the most prevalent method for
labeling. Indirect labeling using a labeled secondary antibody in a sandwich format is also
used. An important factor, which should be considered is that the overlap in emission spectra
between the barcode and the label should be prevented or minimized [8,28,31,40].
Fluorescence is the most useful method for encoding microbeads, and labeling due to its
sensitivity ease of detection with readily available laboratory instruments. There are different
kinds of fluorescent particles with application in early detection sensors, including organic
compounds [40], quantum dots [35,41-45], fluorescent proteins [28,46] etc. Among them,
QDs can provide better discrimination and identification of barcodes based on their narrower
spectral line width and better photostability respectively [47]. Due to the size and shape-
dependent optical properties of QDs, using a diverse mixtures of QDs, and altering the
intensity levels of several of them can theoretically produce over 1 million barcodes, which
paves the way for achieving highly multiplexed assays [47]. The next sections provide an
overview on surveys that have been performed on microbead-based detection systems for
early detection of different diseases.

Neurological diseases

Multiple sclerosis

Multiple sclerosis (MS) is a common disease that leads to chronic neurological disability in
young adults, it affects approximately 400,000 people in the United States, and worldwide,
2.5 million individuals [48-50]. It is an inflammatory neurodegenerative disorder of the
central nervous system (CNS), with four major clinical subtypes. These are: remitting MS
(RRMS), secondary progressive MS (SPMS), primary progressive MS (PPMS), and
progressive relapsing MS (PRMS). MS results in the formation of multifocal demyelinating
lesions in the white matter and also gray matter lesions [51]. Early diagnosis is crucial in MS
treatment, since if treatment is not commenced until the MS displays its first clinical
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symptoms, irreparable damage may occur At present the earliest possible stage that patients
can be identified and given treatment is after a first clinical demyelinating event [49].

MS clinical detecting is challenging, usually involving repeated neuroimaging over time.
The lack of unequivocal early diagnostic tests with associated delays in the commencement
of treatment increases risk of significant brain and spinal cord damage. Likewise, the limited
number of validated biomarkers that accurately reflect disease activity, complicates
treatment of clinically-defined MS and trials of disease-modifying interventions. To address
this issue, researchers have applied microbead-based array technologies in MS screening and
evaluation. Haggmark € et al. used antibody suspension bead arrays for protein profiling of
cerebrospinal fluid (CSF) within the brain in multiple sclerosis patients [52]. To successfully
reduce systematic intensity differences between sample groups, they supplemented the
labeling reaction with bovine serum albumin (BSA) and Immunoglobulin G (IgG). They
also evaluated the effect of heat treatment of CSF proteins on the analysis, and the entire set
of 339 CSF samples were heat treated at both 56 C and 72 C. Two proteins, growth
associated protein 43 (GAP43) and alpha-1-antichymotrypsin precursor which is coded by
SerpinA3 gene were found to have different intensity levels between sample groups. GAP43
was found at lower levels in secondary progressive MS compared to early stages of MS, and
lower than the control group of samples from other neurological diseases. SERPINA3
instead was observed at higher levels in all MS patients compared to controls. They also
suggested that since SERPINAS is an acute phase protein that is released early in the course
of other diseases, the level of the protein GAP43 in CSF would be more reliable for MS
detection. In Fig. 4, the schematic overview of this workflow is shown.

In another study, Bystrom et al. applied affinity proteomic assays to obtain protein profiles
related to MS in body fluids for subsequent tissue analysis [51] (Fig. 5). Starting from an
initial screening, follow-up and targeted assays were applied on suspension bead arrays for
multiplexed screening of plasma and CSF of MS patients. All antibodies were conjugated to
carboxylated color-coded magnetic beads (MagPlex-C, Luminex [53]) arranged in bead
arrays in 384-well plates. From these investigations, antibodies targeting interferon
regulatory factor 8 (IRF8), interleukin 7 (IL7), solute carrier family 30 member 7
(SLC30A7), methyltransferase like 14 (METTL14), and GAP43 were most indicative of
disease state and progression, and were consequently chosen for immunofluorescence
analysis of post-mortem brain tissue sections from MS patients.

2.2. Alzheimer’s disease

Alzheimer’s disease (AD) is a progressive neurodegenerative pathology associated with
dementia in humans [54,55] With the aging of the population, the incidence of AD has
increased gradually, now It affects more than 35 million people worldwide [56].

AD is characterized by protein-misfolding and deposition (beta-amyloid plaques and tau
tangles) in the brain, which result in neuronal cell death, inflammation and brain damage,
and is thought to commence years before the neurodegeneration that causes dementia
symptoms. Surveys assessing cerebrospinal fluid biomarkers of AD disease have shown that
3 possible biomarkers; Ab42 peptide, total tau (t-tau) and phosphorylated tau (p-tau) have
good correlation with pathologic hallmarks. The combination of low CSF Ab42, and high
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CSF tau have been accurately linked with pathological characteristics of post-mortem AD
[57]. Extracellular amyloid plaques and intracellular neurofibrillary tangles are considered
as the chief pathological findings in AD. Amyloid b peptides (Ab) occur with the number of
amino-acids varying between 36 and 43, and Ab40 and Ab42 are the main constituents of
senile plaques. and detecting in body fluids can be employed in predicting the severity and
progression at early or preclinical stages of AD [58]. Among all existing biomarkers;
AB(1-42) is most promising for AD detection, since Ab42 CSF levels fall by about 50% in
AD patients relative to healthy individuals of the same age (presumably because the Ab42 is
deposited in plagues). The sensitivity and specificity of low AB42 levels have been proved to
be as high as 80e90% [59,60]. Biomarker measurement not only provides an opportunity for
early diagnosis of AD, but also can aid in evaluating treatment effects [61]. Biomarkers can
help in studying therapies, since they allow researchers to detect which individuals should
take part in new treatment trials, based on the treatment target [62]. While biological
markers like magnetic resonance imaging (MRI), positron emission tomography (PET)
scans and CSF have paved the way for AD detection, the collection of biomarkers from CSF
can be invasive and painful, and expensive imaging systems not be readily available in rural
areas, underserved communities, underinsured individuals or developing countries
[57,63,64]. Therefore, there is a need to develop a simple and less costly approach to test
blood or cerebrospinal fluid, in order to detect and monitor AD biomarkers. Therefore, early
diagnosis of cognitive impairment is important for affected people to get treatments and
health care services, as soon as possible.

In 2012, Kang et al. developed an xMAP-Luminex multiplex flow cytometric method for
early detection of AD biomarkers in cognitively normal individuals to predict the
progression to AD dementia in subjects with MClusing Innogenetics AlzBio3 immunoassay
re-agents [65]. The INNO-BIA AlzBio3 is a fluorimetric immunoassay in which the
different ligands are absorbed selectively on encoded beads covalently conjugated to a first
monoclonal antibody (AT270 for P-tau (181 P), AT120 for tau, 4D7A3 for phosphorylated
ta). The assay has the following features: (1) a wide dynamic range of ready-to-use
calibrators, (2) time savings for the simultaneous analyses of three biomarkers in one
analytical run, (3) reduction of human error, potential of reduced cost of reagents, and (4) a
modest reduction of sample volume as compared to conventional enzyme-linked
immunosorbent assay (ELISA) methodology [65,66]. Factors that influenced inter-
laboratory and intra-laboratory variability were also well analyzed in this paper [65].
Variability in analytical results could be caused by pre-analytical, analytical, and post-
analytical factors, and sources of variability attributable to the kit itself.

de la Escosura-Muniz~ et al. described a magneto-sandwich immunoassay based on
antibody-modified porous magnetic microspheres (PMMs) to detect beta amyloid and ApoE
in clinical CSF, serum and plasma samples of patients suffering from AD (Fig. 6) [67].

ApoE4 is a specific isoform of apolipoprotein E, which is an important genetic risk factor
for AD as it causes an excess formation of amyloid in the brain. The concentration of ApoE4
in the CSF, plasma and blood of AD patients is in the range of mg.ml~1. Also, the required
detection limit of beta amyloid for early detection of AD in patients samples is in the range
of pg. mI~1 [67].
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Au nanoparticle (AuNP) tags and electrocatalytic hydrogen evolution was also used as
detection signals. PMMs were chosen due to their advantageous properties; possession of
carboxyl groups and high porosity which allowed and increased antibody immobilization.
This immunoassay platform showed high sensitivity with a detection limit of about 7.1 ng
mi~1,

Pi et al. used streptavidin-modified QDs as signal reporters to develop a new sandwich
immunoassay based on a suspension magnetic bead array for detection of Ab (1_47) AD
biomarker) in human CSF. It has proved that in the early stage of AD, the beta amyloid
concentration in human cerebrospinal fluid (CSF) start to drop. The levels of AR (1_42) in
healthy individuals and AD patients are 0.31 ng ml =1 and 0.16 ng ml ~1 respectively [68].

In their assay, in the presence of the analyte AR (1_47), strepta- vidin modified QDs bound to
magnetic beads through the formation of C-Ab-Ap1_42-N-Ab sandwich immunocomplexes,
which were removable by an external magnetic field. As the AR (1_42) concentration
increased, more QDs bound to magnetic beads (MBs) so the fluorescence intensity of
supernatant decreased gradually as shown in Fig. 7. They also evaluated the fluorescence
intensity of MB after magnetic separation [69]. The fluorescence was observed to be very
weak due to the quenching effect of MB on the QDs. From the relationship between
intensity and added AB1_42) concentrations, the concentration of AB(;_42) in the CSF
sample was estimated to be about 0.64 nM (3.1 ng mI~1).

Inflammatory diseases

Inflammation is a defense reaction that an organism mount against harmful stimuli such as
tissue injury or infectious agents. The defense mechanisms that protect an organism against
infections can be divided into; cellular defenses, and humoral defenses. The correct balance
in the inflammatory response is crucial to homeostasis: an insufficient response may result
in immunodeficiency, which can lead to infection and cancer; an excessive response might
result in morbidity and autoimmune diseases such as rheumatoid arthritis, and Crohn’s
disease. Moreover other diseases including atherosclerosis, diabetes, Alzheimer’s disease,
multiple sclerosis, and cerebral and myocardial ischemia have been linked to excessive
systemic inflammation [70].

Cytokines are small soluble proteins that are released by immune cells. These molecules can
modify the behavior and properties of a wide variety of different cell types, and cytokine
profiles have been correlated with different parameters of an immune responses. As
cytokines have multiple and overlapping functions, the evaluation of the whole set of
cytokines secreted in any microenvironment (e.g., a site of inflammation) is more useful
than the measurement of a single isolated cytokine, in understanding the complete
mechanism of immunological alterations observed in patients suffering, for instance, from
inflammatory and autoimmune pathologies [71,72]. In addition, it is essential to have a good
measure of the physiological range of cytokines in healthy subjects [56]. In recent years,
sandwich microarray-based assays have been widely used in the analysis of human
cytokines, for two reasons. Firstly, high affinity antibodies and high specificity antibodies
are already available in diagnostic kits based on sandwich ELISAs. Secondly, as cytokines
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are released from cells, culture supernatants are relatively simple to process compared to
cellular lysates [73]. Thus, assays can make use of hundreds of specially prepared magnetic
beads, or microspheres labeled with cytokine-specific antibodies. As a proof of concept,
Khan et al. compared cytokine detection kits from different manufacturer (multiplex kits
from LINCO Research, Bio-Rad Laboratories, R&D Systems, and BioSource International)
and showed that the bead arrays (the Luminex 100) system was comparable to ELISA Kits,
with the benefit of time and cost savings, due to the capability of multi-analyte profiling
[74]. The cytokine concentrations obtained from the four kits revealed similar patterns, but
the absolute levels were different [74]. De Jager and co-workers successfully monitored the
differences between cytokine profiles from activated lymphocyte from healthy individuals
and from patients with chronic inflammatory diseases in culture supernatant of human
peripheral blood mononuclear cells stimulated with antigen and mitogen by the use of a
fluorescent-bead-based detection assay [32]. The early detection of the cytokine profile,
could indicate and predict the onset of sepsis after trauma, and may improve management of
sepsis by preventing a late or misleading diagnosis [75]. For this, Hsu et al. applied a
multiplex sandwich immunoassay based on suspension microarrays to evaluate changes in
plasma protein levels, such as cytokines, chemokines, soluble receptors, and matrix metal-
loproteinases [76]. As a result, patient samples could be divided into a trauma group and a
sepsis group. Four soluble receptors: sFas ligand, intercellular cellular adhesion molecule
(sSICAM-1), tumor necrosis factor receptor | (STNF-RI), and tumor necrosis factor receptor
I1 (STNF-RII) were observed to be significantly higher in patients with sepsis than in those
with trauma. Visentin et al. utilized class I and class Il anti-human leukocyte antigen (HLA)
single-antigen flow beads with sera from four patients with high titers of antibodies to
analyze the mechanism of the complement interference phenomenon [77]. Kellar et al.
demonstrated that multiplexed fluorescent bead assays were applicable to simultaneously
quantify at least eight human cytokines in human serum. The major constraint of
multiplexing is the number of beads that can be merged in a single limited volume. To
address this issue, they utilized conventional blocking protocols, these assays can be applied
with human serum [78]. More recently Chen et al. successfully designed a high-throughput
screening system based on bead-based suspension gene-array technology for detection of 20
pathogens associated with acute respiratory tract infections [79]. The lowest concentrations
in the range of 109ml to 104/ml could be readily measured, and detection efficiency was
influenced by various experimental parameters, including the amplification efficiency of
primers, binding of the probe and its target sequence, hybridization temperature, etc. [79].

4. Viral infectious disease; hepatitis B

Hepatitis B liver infection accounts for 800,000 deaths per year mostly from liver cancer and
cirrhosis, and ranks as the 15 t h cause of death worldwide [80]. Hepatitis B represented a
breakthrough in the overall understanding of viral infections, their distribution and their
consequences. Current diagnostics for HBV encompass standard serological tests followed
by HBV DNA quantification by PCR. DNA detection is a crucial part of HBV detection
since it determines the need for treatment and is used to monitor patients during antiviral
therapy [81].

Anal Chim Acta. Author manuscript; available in PMC 2019 November 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Parsa et al.

Page 10

In one study [47] the authors clinically validated Quantum Dot (QD) barcode technology for
diagnosing patients infected with HBV. In summary, the viral DNA was first extracted from
patient sera using magnetic microbeads, various regions of the extracted genome were
amplified by recombinant polymerase amplification (RPA), amplified products were sensed
by a multiplexed QD bar-code assay, and finally fluorescent signals were measured by flow
cytometry. They proved that analysis of multiple regions of the viral genome improved
clinical sensitivity by an average 31% [47]. Wang et al. used near-infrared (NIR) emitting
CdSeTe/CdS/znS core/shell/shell QD-encoded microbeads combined with flow cytometry
using a single laser for multiplexed detection of HBV (hepatitis B virus) [82]. They
conducted a 2-plex hybridization assay for antigen of the hepatitis B virus (HBsAg) and
hepatitis B viral protein (HBcAg) and a 3-plex hybridization assay for antibody of the
hepatitis B virus (HBsAb), hepatitis B e antibody (HBeAb), and hepatitis B core antibody
(HBCcAD). The synthesis of zinc-modified CdSeTe-core QDs synthesis is described in the
paper. They proved that CdSeTe/CdS/ZnS QD-encoded microbeads were a flexible and
reliable platform for multiplexed immunoassay of protein samples. A benefit of this assay is
that for all six assays a single 488 nm laser was used, while other systems require two or
more lasers [82].

5. Cancer

5.1

Cancer is one of the most prevalent fatal diseases in the world, typified by uncontrolled cell
growth that invades adjacent tissues and metastasizes to distant organs. Early and accurate
detection of cancer significantly decreases the mortality rate and can lead to successful
treatment and long-term survival.

Many traditional detection methods such as polymerase chain reaction (PCR), enzyme-
linked immunosorbent assay (ELISA), electrophoresis, surface plasmon resonance (SPR),
surface enhanced Raman spectroscopy (SERS), microcantilevers, colori-metric assays,
electrochemical assays, fluorescence methods, etc., have been developed but they all have
limits such as lower accuracy, specificity and sensitivity for clinical diagnostic applications
[83,84]. The required limit for detection of cancer biomarkers in patient samples such as
serum, is in the range of femtomolar (pg. mL=1) concentrations or lower [85]. As most key
cancer biomarkers are present at only very low levels at the early stages of cancer, and not
very different from normal levels, achieving low detection limits is vital for early diagnosis
of cancer [85]. Also, multiplexing is important for simultaneous and early detection of
multiple tumor markers (TMSs), accurate diagnosis achieved by quantitative analysis of
biomarkers of interest, hence, it is expected to become a significant part of clinical
laboratory investigation in the future [8,86].

Breast and ovarian cancer

Breast cancer is the most common malignancy and the second cause of cancer-related death
in American females [87]. The five-year survival for breast cancer depends on tumor stage;
98% of patients whose tumor is detected at very early stages (stages 0 and 1) can expect to

survive 5 years. Five-year survival for stage 11 tumors is approximately 85%, stage 111 60%,
and stage 1V only 20%. Totally, breast cancer has an approximate 80% 5-year survival [87].

Anal Chim Acta. Author manuscript; available in PMC 2019 November 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Parsa et al.

Page 11

Hence, early detection allows surgical resection at an early stage when survival is maximal.
with a more successful patient response. As breast cancer is a heterogeneous disease a panel
of numerous biomarkers could be more useful for early detection of it [88].

Some studies have demonstrated that cytokine profiles may be useful for the diagnosis and
monitoring of several types of cancers especially breast and ovarian cancers. Gorelik et al.
applied multiplex LabMAP system (Luminex) to identify markers of female reproductive
cancer, and distinguish them from benign pelvic tumors. A sandwich immunoassay was used
according to the protocol provided by Luminex Corporation for simultaneous analysis of
multiple markers. The captured biotinylated antibodies were covalently conjugated to
carboxylated polystyrene microbeads and phycoerythrin-conjugated goat anti-mouse
Immunogolubin G used as a fluorescent label to determine the binding intensity. Various
cytokines (cytokines/chemokines, growth factors and antigens) were explored as a newclass
of tumor markers and showed more accurate diagnosis capability in combination with the
traditional marker, cancer antigen-125 (CA-125) than using just CA-125 alone. Microbeads
were analyzed by Bioplex suspension array [89]. In another study, Dehganzada et al. used
the same procedure for analysis of a panel of serum cytokines in breast cancer patients and
also evaluated cancer vaccine trials (before and after vaccination) using Luminex
technology. Levels of 22 cytokines consisting of interleukin (IL)-1a, 1B, -2, -4, -5, -6,
-7,-8,-10, -12, 13, -15, —17, interferon gamma (IFN--y), granulocyte -colony
stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF),
tumor necrosis factor (TNF-a), inter-feron gamma-induced protein 10 (IP-10), macrophage
inflammatory protein (MIP-1a), chemokine (C-C motif) ligand 5 (RANTES), exotoxin and
monocyte chemotactic protein-1 (MCP-1) were measured. Specific differences were found
in cytokine levels in sera of breast cancer patients compared to healthy controls and in
vaccinated patients. Levels of each cytokine were detected as mean fluorescence intensity
(MFI) and analyzed by flow cytometry [90].

In 2009, Jokerst et al. described a microfluidic biosensor for multiplexed measurement of
three important cancer markers, carcinoembryonic antigen (CEA), cancer antigen 125
(CA125), and Her-2/Neu (C-erbB-2) in both serum and saliva samples [91]. These “nano-
bio-chips” (NBC) used a sandwich immunoassay; primary antibodies were covalently
immobilized on microporous agarose beads to capture antigens; a fluorescence signal was
generated after coupling of a QD-labeled antibody to the antigens. The application of QD
probes, amplified the signal 30 times relative to that of standard organic fluorophores, and
also reduced the limits of detection by nearly 2 orders of magnitude (0.02 ng mL™1 CEA;
0.11pM CEA) in comparison with ELISA [91]. A summary of the work is shown in Fig. 8.

In the majority of studies, human cancer antigens have been used as biomarkers for early
diagnosis of breast and ovarian cancer, especially CA 125, a cancer-specific antigen. It can
be used in combination with other biomarkers to provide robust and accurate detection of
cancer at different stages. Kim et al. developed a multiplexed immunobead-based system for
combined detection of early stage ovarian cancer serum markers. The Luminex system was
used to analyze several markers on the surface of microbeads in a sandwich immunoassay
format. Primary antibodies were linked to the bead surface and binding was visualized by
dye-tagged secondary antibodies. Detection antibodies labeled with biotin and streptavidin-
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R-phycoerythrin to identify antigen-antibody coupling allowed simultaneous determination
and quantification of a panel of biomarkers in the liquid phase. The use of additional
markers plus CA125 would enhance detection efficiency. Multiple biomarkers including
transthyretin and apolipoprotein Al, together with CA125 showed better prediction of
ovarian cancer. For precise assessment, serum samples from healthy donors and patients
with benign tumors were used as controls, and results demonstrated higher sensitivity and
specificity of diagnosis and improved rate of detection when CA125 was used in
combination with the two afore mentioned markers compared with single biomarkers [92].

Brazhnik et al. presented a novel bead-based (suspension) array for detection of breast and
ovarian human serum tumor markers, each individual antigen coupled to its specific QD-
encoded microbead, and detected in serum samples and by flow cytometry. Polymer coated
melamine resin microbeads were prepared by layer-by-layer assembly onto the charged
surface of polystyrene latex beads, and tagged by water soluble CdSe/ZnS QDs emitting at
585 nm (orange range). Biotinylated monoclonal capture antibodies were conjugated to the
surface of QD-tagged microbeads, that were then incubated in patient serum samples. Each
bead-bound antibody bound the particular antigen of interest. Binding was detected by
biotinylated antibodies and a streptavidin linked fluorophore complex (Tri-COLOR label,
670 nm). Serum samples from healthy donors were compared by ELISA as a “gold
standard” to determine the exact amount of antigen levels. Flow cytometry analysis of
multiplexed QDebead microarrays used for simultaneous detection of CA 15-3, CE A, and
CA 125, markers of female reproductive-system tumors, in clinical serum samples is
displayed in Fig. 9a.

Comparison of the results of flow cytometry analysis between serum samples from cancer-
positive patients with healthy donors (cancer-negative patients), demonstrated a clear
distinction in antigen levels between cancer antigen 15-3 (CA 15-3), carcinoembryonic
antigen (CEA), and cancer antigen 125 (CA 125) markers, as shown in Fig. 9b [93].

5.2. Prostate cancer

Prostate cancer ranked as the third most common cancer in men accounting for almost 1 in 5
new diagnoses. The recognition of Prostate Specific Antigen (PSA) as a hallmark of this
disease, and the rise in aging male population in many countries, triggered a movement
towards early detection and treatment in the United States, followed by Europe [94]. Serum
level of PSA is suggested by the American Cancer Society as a potential protein biomarker
for early detection of prostate cancer. PSA serum concentration signifying the probability of
early stage prostate cancer is 4-10 ng mL™L, while in healthy individuals it is 0.5-2 ng mL™1
[85].

Brazhnik et al. proposed an efficient and comprehensive method for simultaneous
monitoring and early diagnosis of several human prostate specific antigens (PSA) by means
of a multiplex QD-encoded microbead suspension immunoassay, and proved it to be a
reliable, flexible and ultrasensitive approach compared to conventional single-analyte
ELISA assay. Green fluorescent QD-tagged microbeads were prepared by a layer-by-layer
deposition procedure. The detection system was based on a sandwich immunoassay
consisting of capture monoclonal antibodies, biotinylated secondary detection monoclonal

Anal Chim Acta. Author manuscript; available in PMC 2019 November 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Parsa et al.

Page 13

antibodies and a Tri-COLOR fluorescent streptavidin complex (Fig. 10a). The microbead
complex was interrogated using flow cytometry for simultaneous determination of a panel
comprised of different prostate specific antigens (Fig. 10b) [95].

Since PSA is not sufficient on its own for detection and profiling of prostate cancer, it is
necessary to choose multiple biomarkers to ensure a simultaneous, fast and more accurate
monitoring. Liu et al. developed an optimized suspension array for multiplex quantitative
diagnosis of multiple prostate cancer biomarkers including PSA, prostate-specific membrane
antigen (PSMA), prostate stem cell antigen (PSCA) and prostatic acid phosphatase [28] in
serum samples. This lab-on-a-bead system consisted of competitive immunoassay format.
Distinct microbeads labeled with red and orange fluorescent dyes within the beads (to
recognize their unique codes) were coated by pre-selected prostate biomarkers that then
competed with the free biomarkers in human serum to interact with various dilutions of
antigen specific monoclonal antibodies. Binding was visualized by a biotin-conjugated
secondary antibody and streptavidin-R-phycoerythrin (SA-PE) as a fluorescent green dye.
The suspension array standard curves correlated well with biomarker concentrations. The
median fluorescent intensity (MFI) of the bead population was read by xPONENT™ 3.0
software, based on Luminex xMAP® technology. Better results were obtained when most of
the carboxyl sites on the microbead surface were saturated by tumor markers. Fig. 11 [96].

5.3. Lung cancer

According to American Cancer Society, lung cancer accounts for about 25% of all cancer
deaths among men and women. The number of people that die of lung cancer is more than
other types of cancer such as colon, breast, and prostate. 57% of lung cancers are identified
at an advanced stage, due to the fact that lung cancer is often a silent disease in the early
stages, while a small minority of cases (16%) are diagnosed at an early local stage [97].
Therefore, microbead array technology could help with lung cancer detection at
asymptomatic stages. Ye et al. detected p53, p16, retinoblastoma (Rb), and epidermal growth
factor receptor (EGFR) mutations simultaneously by means of suspension arrays for early
and rapid diagnosis of lung cancer. Hot-spot mutations in p53, p16, Rb, and EGFR genomic
DNA was detected by oligonucleotide specific probes covalently linked onto the bead
surface by a carbodiimide coupling method. Bound sequences were hybridized with
biotinylated polymerase chain reaction (PCR) amplicons, tagged with SA-PE as a label in a
single liquid phase reaction. Genomic DNA extracted from both lung tumor specimens and
healthy tissues with PCR amplifications was used to amplify each hot spot mutation region.
Coupling reactions were visualized with flow cytometry and analyzed using the
Luminex100. The sensitivity and specificity were higher using a panel of four markers than
using a single marker. The mutation rate of the panel of four markers was higher indicating
its potential in early detection of lung cancer at early stages. Moreover, p16 mutations
occurred mostly in non-small cell lung cancer; while the mutation rate of Rb was higher in
small cell lung cancer [98].

Carcinoembryonic antigen (CEA), fragments of cytokeratin 19 (CYRFA21-1) and neuron-
specific enolase (NSE) are the most three common serum biomarkers for lung cancer that
have often been used in clinical diagnosis [99]. Liu et al. fabricated a bead-based on-chip
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assay for multiplex diagnosis of the three afore-mentioned lung cancer biomarkers in human
serum using planar and suspension arrays. As illustrated in Fig. 12, the microbead array was
constructed by an array of microwells within a PDMS layer using soft lithography
technology, each magnetic microbead was physically trapped in microwells and the target
biomarkers were detected by sandwich immunoassay linked to their specific antibodies.
Each bead carried a unique spectral signal, the antigen-antibody interactions was visualized
by three different color QDs used as labeling agents specific for detection of the three
individual biomarkers. The advantage of this approach was the separation of beads on a chip
in an ordered microarray, avoiding the aggregation of beads and signal interference
compared to other microfluidic systems, but it also had limitations on the number of beads
that could be used in each microwell because more beads led to reduced binding of antigens
and weaker QD signals. Therefore, the number of beads in each microwell and the QD
labels were optimized to achieve higher sensitivity. They achieved a low detection limit in
the ng/ml range [100].

In another study, Wu et al. developed a fluorescent immuno-assay analysis by
simultaneously measuring these three lung cancer biomarkers and visualizing antibody-
antigen interactions in a sandwich immunoassay format by multicolor quantum dots (QDs)
with different emission spectra as codes for each individual antigen. They utilized magnetic
microbeads as array elements in a suspension array and achieved multiplex monitoring of
target proteins in a single serum sample. Detection limits were lower (pg/ml range),
compared to previous studies (ng/ml range) for all these cancer markers, because of the
higher detection sensitivity of suspension arrays compared with planar arrays. Flow
cytometry based data analysis is expensive and depends on a fluidic system which limits its
wide application in clinical practice, so they developed a procedure to detect biomarkers by
applying a micro-image analysis methodology. This software converts images from RGB
(red, green, blue) to an HSI (hue, saturation, intensity) color model and measured mean
fluorescent intensity produced by QDs which determines target concentration on each bead
[101].

5.4. Colorectal cancer

Colorectal cancer (CRC) is the third most commonly diagnosed cancer in both genders
according to the American Cancer Society. A recent study on early detection of colorectal
cancer was carried out in 2016 b y a group of researchers from Madrid, Spain. Villar-V
azquez et al. presented a bead-based bioassay based on Luminex magnetic microbeads for
early diagnosis and identification of 16 tumor-associated antigens (TAAs) of CRC and
control sera samples in a fast and accurate multiplex analysis. A set of antigens including
Transcription factor 11 B (GTF2B), epidermal growth factor like repeats and discoidin
domains 3 (EDIL3), Tyrosine-protein kinase HCK (HCK), Proto-oncogene serine/threonine-
protein kinase (PIM1), Serine/Threonine Kinase 4 (STK4), and tumpr protein 53 (p53) were
chosen as the optimum combination of TAAs for CRC diagnosis giving high specificity and
sensitivity. Since humoral responses emerge several months before clinical symptoms, auto-
antibodies against TAAs can be used as specific biomarkers. Due to the fact that
autoantibodies may be developed against different TAAs, there is a need to be able to detect
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hundreds of targets by spectrally distinct magnetic beads simultaneously instead of single-
analyte ELISA assays stages [102].

5.5. Melanoma

According to American Cancer Society, skin cancer is by far the most common type of
cancer but it is usually not serious. Melanoma accounts for only about 1% of skin cancers,
but it is a major cause of a cause of skin cancer deaths. In order to assess multi markers
associated with this malignancy, Yurkovetsky and coworkers, investigated several cytokines,
chemokines, proangiogenic factors as well as growth factors, and soluble receptors in the
sera of patients suffering from melanoma and healthy sera as control samples by multiplex
microbead immuno-assay analysis (Luminex). The results demonstrated high sensitivity and
specificity [103].

5.6. Non-specific tumor markers

Malignant tumors cause 7.6 million deaths every year, however many deaths can be avoided
by early screening and detection. As mentioned above, many specific tumor types have
various bio-markers that have been identified as more or less specific for that particular
tumor type. However, a major goal of medical research is to answer the long-held question
“Can there be a blood test for cancer?” A single tumor marker would not be sufficient to
detect cancer because of its limited specificity. As a result, analysis of a complete set of
tumor markers could increase the accuracy of disease diagnosis. On the other hand, multi
analyte detection can reduce sample and time consumption. Thus, for the simultaneous
detection of various molecules multiplex immunoassay of a set of tumor markers has
become a highly attractive goal to meet the growing demand for diagnostic application.
Multiplex suspension bead arrays have been tested to detect the amount and status of tumor
markers within a biological sample [104-107].

In a recent study (2016) concerning multiplexed detection of tumor markers, Leng et al.
reported magnetic-fluorescent barcodes based on cadmium-free NIR-emitting QDs, which
were combined with flow cytometry using a single laser for 5-plex detection of five tumor
markers consisting of alpha-fetoprotein (AFP), carcinoembryonic antigen (CEA), cancer
antigen 19e9 (CA199), cancer antigen 125 (CA125), and cancer antigen 242 (CA242) [108].
Bifunctional barcodes were made by coupling cadmium-free NIR-emitting CulnS,/ZnS QDs
with superparamagnetic Fe304 nano-particles in microspheres through SPG (Shirasu Porous
Glass) membrane emulsification technique, and cadmium-free NIR CulnS2/ZnS were
applied to reduce fluorescence quenching and lower intrinsic toxicity [108]. They claimed
that the magnetic separation-based multiplex assay displayed enhanced sensitivity (about
twofold) for all the tumor markers in comparison with the non-magnetic multiplex assay,
which may have been linked to reduced non-specific biofouling.

A novel suspension array based on fluorescence-encoded polystyrene beads (FFPBs) with a
coreeshell structure, was introduced by Long et al. for simultaneous detection of the tumor
markers AFP, carcinoembryonic antigen (CEA), and prostate specific antigen (PSA) which
associated with hepatocellular cancer, colorectal cancer, and prostate cancer. The suspension
immunoassay was carried in a sandwich format where antibodies were immobilized on the
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FFPB surface and then clinical sera containing the antigen proteins were added to the beads.
fluorescence-encoded polystyrene beads (FFPBs) had the following advantages: (1) The
FFPBs provided an adequate amount of carboxyl functional groups for efficient coupling of
capture probes; (2) the quantity of the impregnated fluorophore had a negligible impact on
the coupling efficiency; and (3) the FFPBs exhibited precise fabrication ability and good
detection reproducibility. The results of applying the proposed suspension array to 46
clinical serum samples demonstrated close correlation with the reference
electrochemiliminescence immunoassay method [107]. In a study [105] the authors
investigated a multiplex suspension bead assay based on Luminex (Austin, TX, USA) for
detection of tumor markers. They simultaneously determined the concentration of nine
tumor markers in 1114 human serum samples (546 patients with tumors, 158 patients with
non-tumor inflammatory diseases, and 410 normal controls). The nine TMs were a-
fetoprotein (AFP), carcinoembryonic antigen (CEA), cancer antigen 125 (CA125),
cytokeratin 19 fragment (CYFRA 21el), cancer antigen 424 (CA242), free-prostate specific
antigen (f-PSA), total-prostate specific antigen (t-PSA), neuron-specific enolase (NSE) and
b-human chorionic gonadotropin (free b-hCG). They compared multiplex suspension bead
assays with conventional assays used in clinical laboratories to see if the results from
suspension bead arrays were comparable to conventional methodologies. The serum samples
were tested with both methods. Nine tumor markers were tested simultaneously with the
Luminex assay and individually with conventional methods. As shown in Table 1, the
Luminex assay and the conventional methods displayed the same levels of sensitivity.

They reported that the Luminex system not only offered all of the benefits of conventional
methods, but also facilitated evaluation of multiple markers with the advantages of
automation, increased throughput, flexibility, and reduced sample usage. Thus, the
Luminex-100 technology is a promising method for clinical diagnosis [105]. Microsphere-
based flow cytometry assays (MFCA) established by Luminex involves a capture antibody
coupled covalently to internally dyed polystyrene microspheres. The fluorophores which are
red and orange can identify presence of tumor markers, a reporter molecule labeled with a
fluorescent marker binds to analyte captured on the bead for detection [106].

Sun et al. reported on a microsphere-based flow cytometric assay (MFCA) to quantify tumor
markers. MFCA were set up as a sandwich immunoassay and each microsphere represented
an assay by itself which decreased the risk of cross recognition and increased specificity.
They chose 5 common abdominal tumor markers in serum samples: human AFP, CEA,
CA19-9, CA24-2, and cancer antigen 72e4 (CA72-4). Table 2 highlights the comparison
between reproducibility, upper and lower detection limits, simultaneous multi-analyte
detection, sensitivity and accuracy of 5 tumor markers. The results showed that their
multiplexed assay was reproducible, sensitive, accurate and compared well with ELISA as a
standard assay [106].

A more recent study was conducted by Zhao and co-workers in 2010. They designed a
photonic suspension array based on silica colloidal crystal beads (SCCBs) using a sandwich
format for multiplex detection of tumor makers. The aim of this study was evaluation of
tumor markers such as AFP, CEA, CA 125 and CA 19e9 which are used in diagnosis of
hepatocellular cancer, yolk-sac cancer, colorectal cancer, gastric cancer, and lung cancer.
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SCCBs were formed by the assembly of monodisperse colloidal nano-particles and
displayed ordered hexagonal symmetry. As a result, the SCCBs provided a higher surface
area which led to more dye molecules participating in photon absorption, more space for
biomolecule immobilization and more rapid immunoreactions. These properties provided
high sensitivity, acceptable resolution, good detection reproducibility, and the results were in
acceptable agreement with those from parallel single-analyte tests of clinical serum samples
[104].

6. The present and future outlook for microbead arrays

Microbead array technology promises a wide range of applications in medical,
environmental, and industrial analysis due to its versatility. In regard to medical applications,
multiplex microbead arrays can be utilized in biosensors and immunoassay diagnostic and
screening applications. Moreover, there are applications in cell separation, study of
phagocytosis and blood flow, study of cell motility, hemoperfusion and extracorporeal
therapy, targeted drug delivery, and much more besides [109]. In particular the diagnosis of
multi-causal/multi-gene diseases, allowing comprehensive disease management, and
investigating complex cellular functions are all possible with this methodology [4]. Table 3
compares the merits and demerits of traditional and conventional methods used for
biomarker validation with microbead array technology and the chief characteristics of
antibody-based array systems are presented in Table 4. Nevertheless, until now most
commercial multiple assays have only been employed in research laboratories and
nonclinical testing such as The Zeus Scientific, Inc. AtheNA Multi-Lyte® EBV IgG system
which obtained premarket FDA clearance in 2012 (Error! Hyperlink reference not
valid.www.zeusscientific.com/products/athena-multi-lyte/athena-ebv-igg-plus-test-system2).
Only a limited number of these assays have been approved by FDA for clinical testing such
as the EraGen Biosciences Inc MultiCode®-RTx HSV 1&2 Kit (http:/
www.phenomenelleangels.com/images/HSV-clearance-pressrelease.pdf) and the Immucor
PreciseType™ Human Erythrocyte Antigen Molecular Bead Chip test [86]. Some of the
FDA approved systems largely consisting of lateral flow planar protein multiplex arrays and
immunoassays used for point-of care diagnosis are covered in the following section.

Q) Triage® Cardio ProfilER® 4-plex system uses a portable lateral flow platform to
measure troponin-1, creatine kinase-MB, myoglobin, and brain natriuretic
peptide (BNP) to allow further evaluation of chest pain [21].

(2)  The BioPlex®@ 2200 antinuclear antibodies (ANA) screen was FDA cleared on
June 19, 2012, and permitted to proceed to the market. BioPlex® and its
supported software are intended for the qualitative screening of specific
antinuclear antibodies (ANA), the quantitative detection of antibodies to double
standard DNA (dsDNA), and the semi-quantitative detection of ten (10) separate
antibody assays in human serum and/or ethylenediaminetetraacetic acid (EDTA)
treated or heparinized plasma (Error! Hyperlink reference not
valid.www.accessdata.fda.gov/cdrh_docs/pdf11/k113610.pdf).

3) Bead Block™ microspheres are used for the embolization of hypervascular
tumors, including uterine fibroids and arteriovenous malformations (AVMs).
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Their safety and effectiveness were confirmed by non-clinical, animal testing on
March 7, 2016 (https://www.fda.gov/cdrh/510k/K094018.pdf).

At present suspension immunoassays are the predominant technology for FDA-cleared
multiplexed protein detection and quantitation, for analyzing antigens or antibodies in the
serum of patients with allergies, autoimmune or infectious diseases in clinical laboratories
[4]. Clinical applications of this methodology require establishment of internationally
accepted calibration standards, performance criteria, and quality control programs. To the
best of our knowledge, this approach has not yet been widely applied to early diagnosis. The
most important limitation in microbead-based multiplex assays lies in the need to obtain a
large collection of specific antibodies for a wide range of analytes. Despite the availability of
many monoclonal and polyclonal antibodies, standardization and calibration of several
hundreds of these reagents is not practicable to produce a reliable assay in a multiplex
format while, meeting the need for sensitivity and specificity. Similarly, production of a
large set of proteins for protein micro-array technology remains a challenging task. To tackle
this problem for antibody microarrays, several studies have been carried out to substitute
costly antibody products [110,111]; with the introduction of aptamers from nucleic acid
libraries to function as ligands for the specific detection of proteins [111-113]. Krishnan et
al. suggested that future studies in this methodology should aim at developing four major
areas; the overall technology, improvement in antibodies, more rapid assays, and automation
[30]. Within the next few years, bead chemistry, instrumentation, and software are destined
to undergo some important advances, as many companies have their own computational
platforms like Luminex. Antibodies are critical ingredients of protein microbeads arrays,
since the entire results depend on them. Considering antibodies may cross-react with serum
proteins and immunoglobulins, Krishnan et al. argued that we should reduce this
dependency on antibodies by considering alternatives approaches such as aptamers [30]. The
third area that should be improved, is reducing the assay time. This can be achieved by
omitting the washing step, ‘no wash’ multiplex assays can be performed in 1-2 h but with
lower sensitivity. These authors [30] also predicted that the next decade is likely to witness a
considerable increase in the number of diagnostic clinical laboratories. In line with modern
trends, these will likely be largely automated, since all steps of the multiplex microbead
assay system, from sample preparation to instrument operation, are capable of being carried
out automatically. Bio-Rad has developed a multiplex instrument to enable high-throughput
analysis of clinical samples. Additionally, it is expected that within the next few years,
substantial number of new markers, proteins, and RNAs that are specifically related to the
both normal physiological state and different disease states will emerge. These advances can
hopefully pave the way for advancement of bead-based multiplexed assays. However,
microbead diagnostic technology continues to advance at a swift pace with the state-of-the
art researching possessing limits of detection down to the zeptomole. Microbeads with the
unique ability to multiplex in a simple mode and competitive sensitivity, are becoming a
versatile platform that could challenge the gold standard diagnostic methods still used today
[114].
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7. Conclusion

Accurate and real-time medical diagnosis can greatly improve the treatment efficacy and
survival rate. Tracking the specific bio-markers, which are indicative of disease initiation
and progression, is a mean to reach this end; early diagnosis. Over several years, microbeads
have become a potential substrate for probe biomolecule immobilization due to their
inherent high surface-to-volume ratio, sensitivity, simplicity, speed, multiplexing capability
and cost effectiveness. This article, reviews a range of previous applications that utilized
microbead-based array in the detection and early detection of a variety of serious diseases:
Neurological disease; Multiple Sclerosis, Alzheimer’s disease; Inflammatory disease; Viral
infectious disease; Cancers; Breast and Ovarian cancer, Prostate cancer, Lung cancer,
Melanoma and Non-specific tumor markers. In addition, a comparison between the proposed
methodology with other conventional detecting methods and issues regarding microbeads-
based detection systems are discussed in the last section. Microsphere synthesis, biomarker
selection and conjugation and the optical features optimization are the most pivotal
researches in this field. Future surveys on the present topic are therefore required with the
intention of meeting the needs of clinical detection and prospective in the growing
commercialization of detection kits for all disease.
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highlights
. Multiplexed immunoassays are a step forward in early medical diagnosis.
. Up to 100 fluorescent barcodes in the microbeads can be distinguished.
. Both suspension arrays and planar arrays can be used.
. Cancer diagnosis using tumor markers in biosamples such as serum.
. Neurological, inflammatory and infectious diseases are also candidates.
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Biomarkers/
molecular signatures

Fig. 1. An epidemiological perspective of cancer progression.
Adapted from Ref. [11] With permission.
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Fig. 2.

Schematic representation of A) planar array and B) suspension array.
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Fig. 3.

Schematic illustration of principle of a bead-based assay.
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B
Screening Verification
Samples 65 339
Unique targets 69 43
Antibodies 7/il 101

Fig. 4. Overview of workflow and study setup for MS detection in CSF.
(A) The suspension bead array technology enables the analysis of directly labeled samples

for multiplex protein profiling. Crude samples are distributed in a randomized fashion in 96-
well plates before they are diluted and labeled with biotin. In parallel, antibodies are
immobilized on magnetic, color-coded beads and all bead identities are subsequently pooled
to create an antibody array in suspension. The labeled samples are heat treated before their
incubation with the bead array. After this, unbound proteins are washed away and a
streptavidin-conjugated fluorophore added for target detection. In the used instrumentation,
one laser is for the identity of beads and the other laser for the fluorophore used for detection
of captured, biotinylated target proteins.

(B) In this study, a small set of samples (n ¥ 65) was utilized for assay development and an
initial screening with 71 antibodies targeting 69 unique proteins. At a later stage, a subset of
43 targets selected based on results from the screening were additionally analyzed in the set
of 339 CSF samples. At this point, multiple antibodies per target were included, resulting in
a 101-plex bead array. Adapted from Ref. [52]. With permission. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this
article.)
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Fig. 5. Study overview of MS detection in brain tissue.
Application of antibody suspension bead array technology to discover target protein

candidate and evaluating them by immunofluorescence analysis of post-mortem brain tissue
sections from MS patients. Adapted from Ref. [51] with permission.
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Fig. 6. Scheme of the magneto-sandwich immunoassay.
PMMs were modified with antibodies, AD biomarker capture, labeling with AuNPs and

electrocatalytic recognition based on the hydrogen evolution reaction (HER) on screen-
printed carbon electrodes (SPCEs) and a portable potentiostat. Adopted from Ref. [67] with
permission.
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Fig. 7. Schematic diagram of sandwich immunoassay to detect Ap1_4.
Adapted from Ref. [69] With permission.
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300 um

Fig. 8. Schematic diagram of nano-bio chips for cytokines.
(a) SEM photomicrograph of beads in anisotropically etched silicon chip.

(b) Chip (iv) is fitted between double-sided adhesive layer (ii) and cover slip (i) with
laminate layers (ii, v, vi) included to direct fluid flow through PMMA base (vii) and inlet
and outlet ports (vii).

(c) Sealed LOC assembly.

(d) Fluorescent image of beads after immunoassay including negative controls as imaged
with 1 s of CCD camera integration (exposure) time. Adapted from Ref. [91] With
permission. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 9. Flow cytometry analysis of multiplexed QDebead microarrays used for simultaneous
detection of CA 15e3, CE A, and CA 125, markers of female reproductive system tumors, in

clinical serum samples.

(a) Simultaneous detection of three cancer markers in three individual serum samples from
patients with different stages of breast cancer.
(b) Comparative histograms indicating different levels of each target marker in three
analyzed serum samples in comparison with the control sample. FSC-A, bead size; PE-A
bead optical code (QD 585 nm fluorescence); PE Cy5-A, the amount of the cancer marker
detected (fluorescence of the streptavidin-Tri-COLOR visualization label). Reprinted from
[93] With permission. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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Quantum dot-based lab-on-a-bead system for i
cancer markers profiling
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Fig. 10. QD-encoded microbeads for multiplexed cancer diagnosis.
(a) Schematic of the designed lab-on-a-bead system for detection of prostate-specific antigen

(PSA).

(b) Flow cytometry dot plots of the suspension array based on two microbead populations
carrying different fluorescent nanocrystal codes for simultaneous detection of free PSA and
total PSA in clinical serum samples. A green (PE-A-negative, FITC-A-positive) microbead
population was used for free PSA detection, and an orange (PE-A-positive, FITC-A-
negative) microbead population was used for the total PSA detection Panel A Detection of
two PSA forms in the serum of a healthy female donor (the PSA-negative control). Panel B.
Detection of two PSA forms in the serum of a prostate cancer-positive male patient (the
PSA-positive control). Red fluorescence shifts of different intensities in the PE-Cy5-A
channel indicate binding of different amounts of PSA. Reprinted from [95] With permission.
(For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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Fig. 11. Schematic diagram of the detection procedures for simultaneous and combined detection
of multiple tumor markers (TMs) for prostate cancer (PC by suspension array.

(A) The carboxylated blank red and orange fluorescent beads were activated.

(B) The free TM target was coupled onto activated carboxylated beads by EDC/NHS to
prepare bead probe set as the beadeTM compound.

(C)The TM on the bead and the free TM were allowed to compete for their corresponding
mADb in solutions; then, the beadeTMemAb compound was formed.

(D)Sec-Ab- biotin was added to capture them Ab in solutions and to result in the
beadeTMemAbesec-Ab-biotin compound.

(E) Streptavidin-R-phycoerythrin (SA-PE) was added into the solutions to couple with the
compound by biotin-avidin interaction. The beadeTMemAbesec-Ab-biotineSA-PE
compound was ready for laser beaming. The red laser (Ex1) was used to excite the red and
orange fluorescent dyes within the beads to recognize their unique coded numbers.
Simultaneously, a green laser (Ex2) was used to excite SA-PE that combined on the bead
surface. The available fluorescent signalsdMFIs that only combined on the beads were
recorded and analyzed by xPONENT™ 3.0 software. Reprinted from [96] With permission.
(For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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antigen

Fig. 12. Schematic illustrations of bead-based assay system for sensitive detection of three
biomarkers using QDs.

(A) Reaction principle for the bead-based sandwich assay;

(B) Three colors of beads after reaction in the chip;

(C) The structure of the chip. Reprinted from [100] With permission. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this
article.)
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Accuracy rate in tumor prediction by the detection of tumor markers.

Table 1

Page 38

™ Method Tp+® NP Sensitivity (%)  Specificity (%)  vouden's index® Conformityd Accuracy rate (%)

Luminex-100 36/40  313/324 90.00 96.60 0.87 0.86 95.88
AFP (liver cancer)

Compared method  36/40  311/324  90.00 95.99 0.86 95.33

Luminex-100 26/30  309/324 86.67 95.37 0.82 0.82 94.83
CA125 (ovarian cancer)

Compared method  26/30  311/324  96.67 95.99 0.93 96.05

Luminex-100 27/39  317/324 69.23 97.84 0.67 0.61 94.77
CYFRA21-1 (lung cancer)

Compared method  27/39  296/324  69.23 91.36 0.61 88.98
CA242 (Pancreatic, Luminex-100 36/41  246/324 87.80 75.93 0.64 0.61 77.26
gastric, rectum cancer and
cholangiocarcinoma) Compared method ~ 37/41 236/324 90.24 72.84 0.63 74.79
Free -Heg (ovarian Luminex-100 430  322/324 1333 99.38 0.13 0.13 92.09
cancer) Compared method ~ 4/30  324/324 13.33 100.00 0.13 92.66

Luminex-100 4/39 319/324 10.36 98.46 0.09 0.08 88.98
NSE (lung cancer)

Compared method ~ 6/39 317/324 15.38 97.84 0.13 88.98

Luminex-100 5/10 316/324  50.00 97.53 0.48 0.48 96.11
Free PSA (prostate cancer)

Compared method ~ 8/10 317/324  80.00 97.84 0.78 97.31
Total PSA (prostate Luminex-100 710 333/324  70.00 87.96 0.58 0.57 87.43
cancer) Compared method  8/10  330/324  80.00 87.35 0.67 87.13

a . . .
TP: true positive. TP/+: true positive/tumor patients.

b . . .
TN: true negative. TN/-: true negative/normal subjects.

Youden’s index is a single statistic that captures the performance of a diagnostic test. It is equal to the risk difference for a dichotomous test.
Youden’s index = Sensitivity + Specificity—1. Youden’s index has minimum and maximum values of —1 and + 1, respectively, with a value of +1
representing the optimal value for analgorithm.

dConformity index is in analogy to Youden’s index and describes the accordance between 9TM and the comparison test: (TP with both assays/+) +
(TN with both assays/-) —1. reprinted from [105] With permission.
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A comparison between advantages and disadvantages of the conventional methods used for antibody

validation technology.

Table 3

Page 40

Detection method Advantages Disadvantages Ref
Specificity, sensitivity, sample does not t(I: ;gﬂf;i‘f;%ﬁ snlj%ln?rr]]g "’:re]gl&/itr?na; a
ELISA Q\E,Sﬂ a%:“tf I?ﬂ)opagir:t)igr?r?:zﬂﬁsl-sll on trained personnel and some specific [30,115]
shelf life yi »long equipment; requiring relatively large
sample volumes; costly
Non-specific bond (due to high
I . antibody concentration); Inaccuracy
Western blotting (Immunoblotting) Sensitivity (detect as little as 0.1 ng of (0 noratin false-positive and false- [73,96,116]
protein in a sample); Specificity negative results; High costs and
technical demand
Printing tens of thousands of features 5;?;3’:{?’552 ;;I{)/:? duﬁm% %ri]gdin
Microarray chip-based screening (planar on a single microscope slide; High rates- lower decodi)r/{g speed in 9 [5.8]
array) throughput; and low cost per assay; compared with suspension array; and ’
required small amount (5 ul) of sample  “v = o flexibility
Multiplexing capabilities; Faster
binding kinetics; lower sample Limitation related to some antibodies
. ) consumption; reproducibility; cross-reacting with serum proteins;
Bead-based microarrays (suspension arrays)  specificity and sensitivity; Flexibility rely on recognized available [8,117]
in target selection; fast and robust o i a
analysis; High-throughput; Easy antibodies; Matrix Effect
fabrication and cost —effectiveness
in situ detection of antigens in fixed Difficult standardization (antigen
tissues; convenience of sample retrieval); challenging quantitation; the
: . submission; safe handling of potential need for well-trained personnel (for
Immunohistochemistry (IHC) human pathogens; retrospective studies  standardization and interpretation); (118,119]
of stored specimens; rapidity; and the success depends on antibody (mono-
detection of nonviable organisms vs. polyclonal)
Sensitivity; selectivity; short Toxic; volatile; and requires high
Electrochemiluminescence immunoassay incubation times; decreased dilutions concentrations of sample (usually up [120,121]
and repeats; versatility to 100 mM)
does not require the proteins to be
i b labeled; simple sample preparation; two noncompeting affinity reagents [73]
Sandwich based assay vastly increases throughput; high are required for each protein.
specificity
- labeling of antigenic epitopes of
Antigen capture method® Useful for discovery rather than proteins that tend to lose their affinity;  [73]

quantitative analysis

non-specific bond formation

a. . . . . . . . ’ -
Matrix Effect is caused by components except analyte of interest which affects the accuracy which require multiple sample dilutions to decrease

matrix effect.

In a sandwich immunoassay, capture antibodies are immobilized on the solid support, and bound proteins are detected using a second, labeled

detection antibody.

cln this assay, proteins are similarly captured by immobilized antibodies, but the captured proteins are detected directly. This is usually
accomplished by chemically labeling the complex mixture of antigens before applying them to the array. In the two-color version of this assay, two
samples are labeled independently with distinguishable fluorophores, and the samples are mixed before applying them to the array.
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Table 4

Main characteristics of antibody-based array systems. Adapted from Ref. [4] With permission.

Characteristics Antibody-based

Principle Antibody-antigen interaction

Required reagents/information  antibody pairs

Quantification Flow cytometry and others
Multiplexicity 1-100

Clinical diagnostic test Yes

Sample enrichment No

Sensitivity >sub ng/mL-pg/mL
Reproducibility Excellent

Assay development Time and resource demanding
Consumable High demand

Robustness Yes

Throughput High

Matrix effect Yes

Sample manipulation No

Automation Yes
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