International Journal of Nanomedicine Dove

3

REVIEW

Immunomagnetic nanoparticle-based assays
for detection of biomarkers

Hoyoung Park'?
Mintai P Hwang'
Kwan Hyi Lee'?

'Center for Biomaterials, Biomedical
Research Institute, Korea Institute of
Science and Technology, 2Department
of Biomedical Engineering, University
of Science and Technology, Seoul,
Republic of Korea

Correspondence: Kwan Hyi Lee
Korea Institute of Science and
Technology, Hwarangno

14-gil 5 Seongbuk-gu Seoul,
136-791 Republic of Korea

Tel +82 2 958 6804

Fax +82 2 958 5308

Email kwanhyi@kist.re.kr

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

21 November 2013

Number of times this article has been viewed

Abstract: The emergence of biomarkers as key players in the paradigm shift towards preventative
medicine underscores the need for their detection and quantification. Advances made in the field
of nanotechnology have played a crucial role in achieving these needs, and have contributed
to recent advances in the field of medicine. Nanoparticle-based immunomagnetic assays, in
particular, offer numerous advantages that utilize the unique physical properties of magnetic
nanoparticles. In this review, we focus on recent developments and trends with regards to
immunomagnetic assays used for detection of biomarkers. The various immunomagnetic assays
are categorized into the following: particle-based multiplexing, signal control, microfluidics,
microarray, and automation. Herein, we analyze each category and discuss their advantages
and disadvantages.
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Introduction

The discovery of various biomarkers and the emergence of their clinical significance
have given impetus to further changes in the constantly evolving field of health care.
Specifically, biomarkers have become active players rather than mere catalysts in the
paradigm shift from treatment-based medicine towards preventative medicine. With
the latter placing an emphasis on the early detection and monitoring of diseases, bio-
markers are being employed in a variety of methods and standards. In fact, according
to the National Institutes of Health, biomarkers are “a characteristic that is objectively
measured and evaluated as an indicator of normal biological processes, pathogenic
processes, or pharmacologic responses to a therapeutic intervention”.! The early
detection of cancer and development of personalized detection and treatment modali-
ties, for instance, could become possible through the use of such biomarkers, thereby
underscoring their crucial role in the continuing development of medicine. Coupled
with recent developments in the field of nanotechnology, biomarkers and their use in
the detection of various diseases will only continue to grow.

Immunomagnetic assays, in particular, refer to identification of the target analyte
(eg, antigen) via capture moieties (ie, antibodies, ligands, nucleotides) conjugated
onto the surface of magnetic particles. Specifically, the capture moieties detect the
desired target (ie, protein biomarker, DNA, RNA) for subsequent separation from the
remaining solution via a simple magnet, and consequently, for various methods of
analyses.” ¢ The noninvasiveness and simple nature of this method continues to enable
the widespread use of magnetic particles. Furthermore, the high surface-area-to-volume
ratio of the particles confers a correspondingly high probability of interaction with
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Notes: (A and B) Particle-based assays and (C—E) device-based assays include microfluidics, microarrays, and automated immunomagnetic assays.
Abbreviations: Ab, antibody; PL, photoluminescence; QD, quantum dot; MB, magnetic bead.

target biomarkers, and essentially increases the efficiency of
the system.” The stability of the particles in various chemical
environments works to further increase their use across a wide
range of applications.® Additionally, the three-dimensionality
of particles in solution can be used to increase the collec-
tion and separation efficiency of biomarkers; the use of
conventional enzyme-linked immunosorbent assay (ELISA)
kits, on the other hand, is limited by their two-dimensional
approach to biomarker targeting. Finally, magnetic particles
are often surface-functionalized and conjugated with other
nanomaterials, including gold particles, quantum dots, and
protein nanocages, to generate a platform for the highly-
sensitive quantification of biomarkers.” ' The diagnosis of
diseases should be time-efficient, accurate, and versatile.
To reflect such needs, current developments within immu-
nomagnetic assays include the simultaneous detection of
multiple biomarkers and the use of micro/nanoscale devices
to minimize sample volume. In this review, we categorize
the use of immunomagnetic assays into particle-based

multiplexing, signal control, microfluidic, microarray, and
automated applications, and analyze their advantages and
disadvantages (Figure 1).

Particle-based multiplexing

The ability to detect multiple biomarkers simultaneously
offers an improved and more accurate approach to clinical
diagnosis than that done with individual biomarkers in multiple
steps (Figure 2A, B and C). Furthermore, such multiplexing
methods are advantageous in their short processing time,
minimization of sample volume, and economic cost. In par-
ticular, quantum dots are often used in the quantification and
analysis of individual signals, which precludes the application
of particle-based multiplexing methods for their unique optical
properties, such as their narrow emission wavelength.!? Yet, the
importance of maintaining the assay sensitivity, specificity, and
reproducibility, in addition to the need for an encoding particle
that converts the biomarker signal into a visible output, limit
the widespread use of particle-based multiplex assays.
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Figure 2 Examples of particle-based immunomagnetic assays.

Notes: (A) Various fluorescent dyes are coated onto the surface of magnetic particles for multiplexed detection of biomarker.®' (B) Different ratios of green, yellow, and
red fluorescent dyes are layered onto magnetic particles for multiplexed detection of biomarker.*° (C) Barcode magnetic particles are used to consolidate information from
multiple encoding particles.® (a) Schematic diagram of dot-coded particle synthesis showing polymerization across two adjacent laminar streams to make single-probe, half-
fluorescent particles (shown in b); (c) diagrammatic representation of particle features for encoding and analyte detection. Encoding scheme shown allows the generation
of 2% (1,048,576) unique codes; (d) differential interference contrast (DIC) image of particles generated by using the scheme shown in (a); (e-g) overlap of fluorescence
and DIC images of single-probe (e), multiprobe (f, bottom), and probe-gradient (g, left) encoded particles. A schematic representation of multiprobe particles is also shown
(f, top) and a plot of fluorescent intensity along the center line of a gradient particle (g, right). (D) COINs are fabricated for amplification of the Raman signal.'® (E and F)
Smart magnetic particles, such as those that release a quenching molecule upon biomarker recognition for subsequent fluorescence analysis, are fabricated.2' (E) Principles
of DNA detection systems based on two different routes, namely FRET (a) and superquenching (b) PBEH modified magnetic beads (PBEH-MagSi) immobilized with
CapODNs form sandwich assays with SP1/SP2. (A) Reproduced from Li J, Zhao XW, Zhao Y], et al. Quantum-dot-coated encoded silica colloidal crystals beads for multiplex
coding. Chem Commun (Camb). 2009;(17):2329-2331 with permission of The Royal Society of Chemistry. (B) Reprinted with permission from Wilson R, Spiller DG, Prior
IA, et al. A simple method for preparing spectrally encoded magnetic beads for multiplexed detection. ACS Nano. 2007;1(5):487-493. Copyright 2013 American Chemical
Society. (C) From Pregibon DC, Toner M, Doyle PS. Multifunctional encoded particles for high-throughput biomolecule analysis. Science. 2007;315(5817): 1393—1396.
Reprinted with permission from AAAS. (D) Reprinted with permission from Su X, Zhang ], Sun L, et al. Composite organic-inorganic nanoparticles (COINs) with chemically
encoded optical signatures. Nano Lett. 2005;5(1):49-54. Copyright 2013 American Chemical Society. (E) Reprinted from Biosensors and Bioelectronics, 35/1, Srinivas ARG,
Peng H, Barker D, Travas-Sejdic J, Switch on or switch off: an optical DNA sensor based on poly(p-phenylenevinylene) grafted magnetic beads, 498-502, Copyright 2013,
with permission from Elsevier. (F) Reprinted with permission from Hwang DW, Song IC, Lee DS, Kim S. Smart magnetic fluorescent nanoparticle imaging probes to monitor
microRNAs. Small. 2010;6(1): 81-88. Copyright © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Abbreviations: COIN, composite organic-inorganic nanoparticles; UV, ultraviolet; FRET, fluorescence resonance energy transfer; PBEH, poly(2,5-bis[ethyl-7-heptanoate]-
p-phenylenevinylene-alt-phenylenevinylene); ODN, oligonucleotides; EDC, N-ethyl-NO-dimethylaminopropyl carbodiimide.

Martin et al utilized differing numbers of magnetic par-  with a detection antibody conjugated with a third type of
ticles to distinguish among the samples.'* A set of magnetic ~ fluorescent molecule. By varying the number of each type
particles specific for one biomarker is coated with one type  of magnetic particle as well as the type of biomarker present
of fluorescent molecule while another set specific for another  in solution, the authors were able to demonstrate simultane-
biomarker is coated with a second type of fluorescent mol-  ous detection of multiple biomarkers. However, the need to
ecule. Biomarkers of interest are then sandwich-targeted  guarantee nonoverlapping fluorescent emission spectra limits
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Figure 3 Microfluidics-based immunomagnetic devices for detection of biomarker.

Notes: (A) Magnetic particles react with samples in microfluidic chambers for simultaneous analysis of multiple samples.* PDMS chip for the realization of simultaneous microfluidic
ELISA: a, individual channel with a cross-section of 200 x 50 um acting as a diffusion barrier; b, reaction chamber with dimensions of 6 mm x 2 mm x 50 um (L x W x H); ¢,
network of channels with a cross-section of 50 X 50 pum referred as the detection area; d, gathering of the independent channels; e, merging of the channels into a unique outlet
channel connected to a syringe pump in withdrawal mode. (B) Magnetic particles are incorporated into isolated droplets within microchannels for subsequent analysis in a stable
microenvironment free from confounding factors.*® Photographs of the magnetic fusion of two droplets in the reaction chamber filled with mineral oil. The droplet containing
superparamagnetic beads and 5ul NaOH was manipulated toward a droplet containing phenol red. a, before fusion; b, t = 0's; ¢, t =30 s; d, t = 60 s. (C) Magnetic particle loss is
minimized via use of electrowetting. Removal of excess supernatant and washing of magnetic particles is done within droplets.® Protocol for heterogeneous immunoassay on a digital
microfluidics platform, a, dispensing of reagents; b, incubation; ¢, immobilization of magnetic beads; d, removal of supernatant and washing; e, adding fresh wash buffer; f, washing
of magnetic beads by removing the excess supernatant on chip; g, resuspension of magnetic beads. (D) Magnetic particles are self-assembled onto a glass substrate via electrostatic
interactions for a highly reproducible and rapid (<30 minutes) immunomagnetic asassy.* Schematic illustration of the micropatterning process of streptavidincoated beads on a
APTES template using electrostatic self-assembly. a, positive photoresist micropattern on a glass substrate; b, spin-coating of the APTES layer; c, lift-off of the photoresist using
ultrasonication; d, a droplet of streptavidin-coated beads in PBS or PBST is incubated on the substrate; e, pattern of self-assembled beads after rinsing; fand g, optical micrographs
showing streptavidin-coated beads (@ 2.8um) patterned in the form of singlet and doublets on the dot-arrays of dot size 2um f, and 3um g, respectively; h and i, SEM micrographs
showing streptavidin-coated beads (@ 2.8{tm) patterned in the form of stripe arrays of stripe width 3um h, and 2um i, respectively. (A) Reproduced from Herrmann M, Veres
T, Tabrizian M. Enzymatically-generated fluorescent detection in micro-channels with internal magnetic mixing for the development of parallel microfluidic ELISA. Lab Chip.
2006;6(4): 555-560 with permission of The Royal Society of Chemistry. (B) Reprinted from Sensors and Actuators B: Chemical, 130/2, Tsuchiya H, Okochi M, Nagao N, et al,
On-chip polymerase chain reaction microdevice employing a magnetic droplet-manipulation system, 583—-588, Copyright 2013, with permission from Elsevier. (C) Reproduced
from Sista RS, Eckhardt AE, Srinivasan V, et al. Heterogeneous immunoassays using magnetic beads on a digital microfluidic platform. Lab Chip. 2008;8(12):2188-2196 with
permission of The Royal Society of Chemistry. (D) Reprinted from Sensors and Actuators B: Chemical, 132/2, Sivagnanam V, Sayah A, Vandevyver C, et al, Micropatterning of
protein-functionalized magnetic beads on glass using electrostatic self-assembly, 36 1-367, Copyright 2013, with permission from Elsevier.

Abbreviation: ALP, alkaline phosphatase; ELISA, enzyme-linked immunosorbent assay; PDMS, poly (dimethylsiloxane); APTES, (3-Aminopropyl)triethoxysilane; SEM,
scanning electron microscope; PBS, phosphate buffered saline; PBST, phosphate buffered saline with tween.
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Figure 4 Automated immunomagnetic devices.

Notes: (A) A portable magnetic particle-based microfluidic device is used for detection of DNA biomarker.?* (B) Pillar-shaped magnets are used for automated transportation,
washing, and detection of DNA biomarkers.>' Working principle of the magnetic separator (B); a, metal plate with the reaction tubes containing magnetic particles suspended
in buffer solution; b, and ¢, for the washing steps, the metal plate with the magnets can be moved from one side of the tube to the other; d, carriers for sample lysates; e,
carriers for disposable tips; f, waste container; g, magnetic separator; h, carriers for DNA eluates; i, barcode reader, j, liquid handling arm and k, computer. (A) Reprinted
from Microfluidics and Nanofluidics, 6/4, Lien KY, Liu CJ, Lin YC, et al, Extraction of genomic DNA and detection of single nucleotide polymorphism genotyping utilizing
an integrated magnetic bead-based microfluidic platform, 539-555, Copyright 2013, with kind permission from Springer Science and Business Media. (B) Reprinted from
Forensic Science International: Genetics, 6/5, Witt S, Neumann |, Zierdt H, et al, Establishing a novel automated magnetic bead-based method for the extraction of DNA

from a variety of forensic samples, 539-547, Copyright 2013, with permission from Elsevier.

the number of biomarkers that can be detected simultaneously
and increases the number of encoding particles needed.

To improve on these limitations, Bong et al'* used
barcode magnetic beads to incorporate multiple encoding
particles into a single particle. The transmission of light, or
the presence/absence of fluorescence upon light exposure
onto the particles that have been integrated with unique pat-
terns in the form of a barcode, provide information that the
authors decode to demonstrate the multiplexed detection of
biomarkers.'* Similarly, others have utilized magnetic beads
coated with a variety of fluorescent dyes to demonstrate the
ability to simultaneously detect various cytokines (ie, inter-
leukin-8 and interleukin-2) and cancer biomarkers (ie, epi-
dermal growth factor, sCD40L, and Apolipoprotein A-T).!>1¢
Further improvements are made to the system through con-
jugation of various DNA probes onto the barcode. Different
probes/primers labeled using a dye with a unique emission
spectrum are used in conjunction with the magnetic particles
to increase the multiplexity of biomarker detection.!’

In addition to the use of fluorescent signals, surface-
enhanced Raman signals have been used in the detection of

biomarkers. Specifically, Raman signals utilize the different
molecular vibrations of scattered light, which possess unique
optical properties compared with incident light. In particular,
Su et al, and Sun et al used composite organic-inorganic nano-
particles for the multiplexed detection of biomarkers. Specifi-
cally, by varying the ratio of organic to inorganic materials, the
authors fabricated varying composite organic-inorganic nano-
particle interior structures and Raman-active compounds.'$!
Such detection methods alleviate issues of broad emission
spectra and photobleaching associated with fluorescent dyes.
Furthermore, large expensive devices commonly used in the
detection of fluorescent signals are not needed in detection of
surface-enhanced Raman signals, thereby opening up avenues
for miniaturized devices. However, surface-enhanced Raman
signal-based assays are limited by their relatively weak Raman
signal, thus requiring amplification of the signal while main-
taining an optimal signal-to-noise ratio.?

Signal control
The widespread use of biomarker multiplexing is precluded
by the need to reduce background noise while specifically
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detecting the desired target. This condition is particularly
important when considering the conglomeration of nontar-
get biomarkers present in ex vivo samples such as blood or
urine. Therefore, the ability to control the output signal is a
vital factor in accurate detection of the desired biomarker
(Figure 2D, E and F).

Hwang et al utilized rhodamine-coated cobalt ferrite mag-
netic fluorescent beads for detection of the desired biomarker.
After conjugating black hole-quenching molecules onto the
magnetic fluorescent beads, which act to quench the fluo-
rescence, the authors demonstrated the ability to selectively
detach black hole-quenching molecules upon binding of target
biomarker. In essence, the authors controlled the fluorescent
signal to detect the desired biomarker by analyzing the fluores-
cence after black hole-quenching molecule detachment.?!

Immunomagnetic assays that amplify the output signal
are used as well, particularly when the target biomarker exists
in minute amounts. The augmentation of signal is generally
accomplished via the coating of multiple nanosized particles (ie,
quantum dots) onto microsized magnetic particles. Qian et al,
for instance, demonstrated amplification of signal by coating
quantum dots onto the surface of silica nanospheres.?* Similarly,
Li et al formed ultrathin silica or alumina shells around gold
nanoparticles and demonstrated amplification of Raman signal
for various molecules adsorbed onto single-crystal surfaces.”
Taking a slightly different approach, Liu et al used silver nano-
particles to target DNA, which were subsequently dissolved to
yield a large amount of silver ions for chemiluminescent signal
amplification.”* Amplified electrochemical signals derived from
magnetic nanospheres coated with multiple gold particles have
also been used for the detection of myoglobin and carcinoem-
bryonic antigen. Specifically, horseradish peroxidase-conju-
gated secondary antibodies were used with gold-functionalized
magnetic nanospheres to sandwich-target the biomarkers, upon
which the reaction of horseradish peroxidase further amplifies
the electrochemical signal.>2¢

The immunomagnetic assays described thus far present
advantages over those that utilize microarrays or microfluidic
devices, in that the magnetic particles move freely within the
sample solution to maximize binding to target biomarkers.
Furthermore, the assays are simple to use and provide
a high-throughput solution for the detection of multiple
biomarkers. On the other hand, the need for multiple wash-
ing steps, the relatively high cost due to use of millions of
magnetic particles and a correspondingly large amount of
reagents, and the lengthy analysis time remain undesirable
factors in the use of such assays.

For practical use in the field and clinic, an assay that reflects
the need for rapid detection and analysis of a biomarker is

needed. In addition, factors such as the sensitivity of the assay
and the amount of reagents used should be taken into consid-
eration as an economical means to detect minute amounts of
biomarker. Device-based immunomagnetic assays (ie, micro-
fluidics, microarrays) have been conceived to accommodate
such needs and remedy the aforementioned shortcomings.

Microfluidics

Conventional means of microfiuidic immunomagnetic assays
involve the use of a simple magnet to separate and collect
biomarker-bound magnetic particles from within a microfluidic
channel containing both biomarker and magnetic particles
conjugated with capture moieties (Figure 3).2”%° For accurate
detection of biomarker, the test solution must be well mixed
within the microfluidic channel. Accordingly, enhanced micro-
fluidic immunomagnetic assays have been developed to address
the issue of laminar flow-induced non-mixing, a commonly
observed phenomenon in conventional microfluidic assays.

For instance, Sasso et al demonstrated the ability to detect
tumor necrosis factor-o; and interleukin-6 by placing a magnet
at the junction of two inlets for biomarker solution and
functionalized magnetic particles. Here, the magnet works
to ensure thorough mixing of the two through application of
a magnetic force perpendicular to the flow of the test solu-
tion.***" Kim et al further improved the assay by retaining
the same inlet system and modifying the outlets to include
a magnet for separation and purification of the targeted bio-
marker in one outlet and the remaining solution of nontarget
protein in another.*

Apart from ensuring even mixing, microfluidic assays
should also be able to preserve the detection microenvironment.
To meet these needs, microfluidic immunomagnetic assays
that use droplets to encapsulate both functionalized magnetic
particles and reagents in a single microenvironment have been
proposed.**-” Such droplet microfluidic assays are advanta-
geous in their capacity to maintain a stable microenvironment
within the droplet, minimize surface adsorption of target
biomarker onto the channel walls, and prevent diffusion-
induced spreading of contaminants and fluctuations in reagent
concentration. Yet, the lack of reconfigurability, due to the
channel-based continuous flow format, and issues of channel
clogging remain as obstacles. Hence, the ability to control
and handle the droplets is needed. Sista et al, for instance,
detected interleukin-6 within droplets, followed by removal
of excess supernatant, washing of magnetic particles, and
resuspension of particles within each droplet.*®

Magnetic particles are also being used together with
microfluidic channels. For instance, magnetic particles are
used as a solid support through their immobilization onto
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the microfluidic channels.* The increased surface-to-volume
ratio and therefore amplified sensitivity, coupled with high
reproducibility, present further advantages that have been
utilized by others.>*** In another example, barcoded particles
segmented into two parts for detection of the biomarker and
fluorescent signals, are used in conjunction with two micro-
fluidic channels through which the sample flows.* Such
methods utilize minimal amounts of reagent and are capable
of multiplexed biomarker detection.

Microarrays
Protein microarrays are often used for screening applications,
in which a large number of potential targets need to be ana-
lyzed simultaneously. Despite this advantage, conventional
protein microarrays are hardly time and cost-efficient due to
their large surface area. Furthermore, the addition or removal
of a spot is difficult. For example, an increase in the number
of spots from 100 to 101 requires respotting the entire device.
The combination of magnetic particles and microarrays has
thus been proposed to address such shortcomings.
Sivagnanam et al developed a method to uniformly adsorb
functionalized magnetic particles onto the surface of a glass
substrate via electrostatic interactions.* By performing a
microarray analysis of the system, the authors demonstrated
an enhanced specific binding surface. Separately, Kan et al,
and Rissin et al used a microarray system in which biomarker-
bound magnetic particles are placed into each microwell
for quantitative analysis.**® Such methods provide a means
to overcome the limitations of conventional microarrays,
particularly with regards to the inflexibility of the system.
Similarly, Bergo placed biomarker-bound magnetic particles
into microwells, but also eluted the bound biomarkers to form
discrete spots for microarray analysis via mass spectrom-
etry.’ This method presents an advantage over conventional
use of magnetic particles with microarrays in that the bio-
marker of interest is separated from magnetic particles for
more accurate measurement and analysis.

Automation

Detection of biomarkers in the field ideally requires minimal
labor via an automated system. The combination of this condi-
tion with the distinct advantage conferred by immunomagnetic
assays (ie, easy separation of biomarker-bound particles via
a simple magnet) has resulted in the continued development
of time-efficient and automated immunomagnetic assays
(Figure 4). For instance, Chen CL et al, and Chen KC et al
used a disk-shaped carrier board to fabricate a microchannel
device into which biomarkers, magnetic particles, and antibod-
ies conjugated with an imaging dye could be automatically and

sequentially injected for analysis.** In addition to such disk
magnets, pillar-shaped magnets and microfluidic devices that
use micropumps are also being used to transport, wash, and
detect desired biomarkers (ie, DNA, C-reactive protein).’'
The general direction of such automated devices is towards
the assembly of a portable device. Along these lines, Son and
Yoon combined quantum dot-coated magnetic particles with a
microreactor chip to detect biomarkers of interest.™ In another
example, a device that measures the magnetoresistance of
magnetic particles upon targeting of the desired biomarker
has also been used to demonstrate the feasibility of portable
devices.** Finally, Safar et al engineered a portable device
with user control over the sample temperature.” Ultimately,
these research trends aim to utilize the numerous advantages
conferred by immunomagnetic assays for the highly sensitive
and specific multiplexed detection of biomarkers.

Current and future developments
Recent immunomagnetic assays can largely be categorized into
particle-based and device-based assays. While particle-based
assays are simple to use and represent a high-throughput method,
they often require relatively large volumes of sample and reagent.
On the other hand, device-based assays require only a small
amount of sample and offer a rapid assay method, yet suffer from
irregular mixing of the sample within the device. Consequently,
assays that combine advantages from both types have emerged
and are currently used for detection of biomarkers.

Furthermore, while individual components of immuno-
magnetic assays (eg, magnetic particles, microfluidic devices,
surface-enhanced Raman signals, and quantum dots) have
been widely developed, their combination has only recently
started to generate interest. Here, we briefly include future
directions and improvements that could be made to current
immunomagnetic assays:

1. ELISA, one of the most traditionally used methods in the
detection of various biomarkers, is a two-dimensional
antigen targeting system from the perspective that the
bottom of each well is coated with a capture antibody.
The consequent importance in ensuring that the sample
solution comes in contact with the surface alone limits
the availability of target analyte binding to the antibodies.
Coupled with the need for relatively large volumes of
sample, ELISAs tend to be confined by their lower sen-
sitive limit of detection values. From this perspective,
the use of magnetic nanoparticles in solution confers a
three-dimensional antigen-targeting environment, as well
as a means to improve the limit of detection.

2. The relatively low sensitivity of ELISA has been alle-
viated by use of magnetic beads and various devices.
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For example, the limit of detection of prostate-specific
antigen biomarker has been improved from 200 pg/mL
(linear range 1.5-25 ng/mL) as assessed by ELISA to
3 pg/mL (linear range 1-40 ng/mL) by using a carbon
nanotube-based magnetic bead system.® Additionally,
some have used magnetic beads in conjunction with
quantum dots to yield an electrochemical-based limit of
detection of 20 pg/mL (linear range 0.05-4 ng/mL),”’
while others have used magnetic grapheme with quantum
dot-functionalized silica particles to obtain a limit of
detection of 0.72 pg/mL (linear range 0.003—50 ng/mL).%
As such, magnetic bead-based assays demonstrate
improved sensitivity over enzyme-based ELISAs, and
can be further improved by combining magnetic beads
with other systems such as magnetic grapheme, silica,
and quantum dot nanoparticles.

A combination of magnetic beads with various devices has
also been shown to improve the sensitivity of biomarker
detection. For instance, the limit of detection of C-reactive
protein, which is approximately 1,000 ng/mL when detected
by ELISA, can be improved to 130 ng/mL when magnetic
beads and fluorescent dyes are used together in a microarray.
Furthermore, a chemiluminescence-based assay that utilizes
magnetic beads and microfiuidic channels has demonstrated
a limit of detection of 12.5 ng/mL.%

Use of barcode particles in a microfluidic device com-
bines the capacity of barcode particles to retain multiple
parameters of information (thereby reducing the number
of necessary encoding particles) with the ability to use
small sample volumes. Additional work in the form of
the ability to extract barcode particles from the micro-
fluidic device to obtain a more accurate signal is needed
to further advance this assay.

Assays that provide control over an output signal for
specific detection of a biomarker are currently limited to
detection of DNA. The expanded ability to detect protein
biomarkers would provide broader scope for these types
of immunomagnetic assays.

Fluorescent signals are widely used and often amplified
in the detection of target biomarkers. However, it is this
amplification of fluorescent signal that often interferes
with the input signal, leading to mixed results. From this
perspective, the use of a nonfluorescent signal'®> or the
combination of a fluorescence signal with a nonfluores-
cent signal (ie, a surface-enhanced Raman signal) is a
potential avenue for further development.

Continued development in other fields (ie, chemical,

biomarkers. Coupled with such developments, we envisage
increased interest in immunomagnetic assays and a sustained
and concerted effort towards their improvement.
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