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ABSTRACT: The novel severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), which causes coronavirus disease 2019 (COVID-19), is a
threat to the global healthcare system and economic security. As of July 2020,
no specific drugs or vaccines are yet available for COVID-19; a fast and
accurate diagnosis for SARS-CoV-2 is essential in slowing the spread of
COVID-19 and for efficient implementation of control and containment
strategies. Magnetic nanosensing is an emerging topic representing the
frontiers of current biosensing and magnetic areas. The past decade has seen
rapid growth in applying magnetic tools for biological and biomedical
applications. Recent advances in magnetic nanomaterials and nano-
technologies have transformed current diagnostic methods to nanoscale
and pushed the detection limit to early-stage disease diagnosis. Herein, this
review covers the literature of magnetic nanosensors for virus and pathogen
detection before COVID-19. We review popular magnetic nanosensing techniques including magnetoresistance, magnetic particle
spectroscopy, and nuclear magnetic resonance. Magnetic point-of-care diagnostic kits are also reviewed aiming at developing plug-
and-play diagnostics to manage the SARS-CoV-2 outbreak as well as preventing future epidemics. In addition, other platforms that
use magnetic nanomaterials as auxiliary tools for enhanced pathogen and virus detection are also covered. The goal of this review is
to inform the researchers of diagnostic and surveillance platforms for SARS-CoV-2 and their performances.

KEYWORDS: SARS-CoV-2, COVID-19, virus, magnetic nanosensor, biosensor, magnetoresistance, magnetic particle spectroscopy,
nuclear magnetic resonance
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1. INTRODUCTION

In December 2019, a cluster of severe pneumonia cases was
reported in Wuhan, Hubei Province, China." Later, a novel
strain of coronavirus belonging to the broad family of
coronaviruses was subsequently isolated from bronchoalveolar
lavage fluid.>® The virus was initially named 2019 novel
coronavirus (2019-nCoV) and later renamed severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2)."® The
outbreak that began in China has rapidly expanded worldwide,
and on January 30, 2020, the World Health Organization
(WHO) declared the novel coronavirus infection a “Public
Health Emergency of International Concern”, and the illness
was named coronavirus disease 2019 (COVID-19). COVID-
19 was declared a pandemic by WHO on March 11, 2020,
because of its rapid spread in various countries around the
world. SARS-CoV-2 is an enveloped, positive-strand RNA virus
with a large RNA genome of ~30kb with genome character-
istics similar to those of known coronaviruses.”” The
coronavirus genomic RNA encodes replication and tran-
scription complexes from a single large open reading frame
(ORFlab) and structural proteins of the virus.® The major
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structural proteins of coronavirus are spike (S), envelope (E),
membrane (M), and nucleocapsid (N).

There is currently no medication to treat COVID-19.
Because clinical manifestation of COVID-19 ranges from mild
flulike symptoms to life-threatening pneumonia and acute
respiratory illness, it is essential to have a proper diagnosis
during an early stage of infection for efficient implementation
of control measures to slow the spread of COVID-19.”~"
Currently, real-time reverse-transcription polymerase chain
reaction (RT-PCR) is the most widely used laboratory test for
the diagnosis of COVID-19. RT-PCR detects SARS-CoV-2
RNA and targets different genomic regions of viral RNA."*~"*
Although RT-PCR is a sensitive technique, it requires
expensive laboratory equipment and trained technicians to
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perform the test and can take up to 48 h to generate results. In
addition, studies have found up to 30% false ne§ative rate for
RT-PCR in the early course of infection.”~'® Several
laboratories around the world are working on improving RT-
PCR methods and developing alternative molecular diagnostic
platforms. Isothermal nucleic acid amplification, which allows
rapid amplification of target sequences at a single constant
temperature, is employed in several tests including the ID
NOW COVID-19 test from Abbott Diagnostics. ID NOW is a
rapid, point-of-care (POC) test that allows the direct detection
of viral RNA from the clinical sample without the need for
RNA extraction. However, recent studies have found false
negative rates ranging from 12 to 48% mainly because of
inappropriate conditions of sample transportation and
inappropriate samples.'”~>" Moreover, this can test only one
sample per run. Recently, a rapid test for the detection of
COVID-19 infection based on lateral-flow technology to detect
viral nucleocapsid antigen has been developed by Abbott
Diagnostics. Serological methods like enzyme-linked immuno-
sorbent assay (ELISA) and lateral-flow immunochromatog-
raphy, tests that detect antibodies, can be used to monitor
immunity to infection and disease progression.”” Although a
negative SARS-CoV-2 antibody result does not rule out
COVID-19, serological assays will help in assessing previous
exposure to SARS-CoV-2 in a population and therefore have a
potential use in understanding the epidemiology of COVID-
19. Currently available serological assays can detect IgM, IgG,
or IgA antibodies to spike (S) or nucleocapsid (N)
protein.”>~>* However, potential cross-reactivity of SARS-
CoV-2 antibodies with antibodies generated against other
coronaviruses is a challenge in developing accurate serological
tests for COVID-19.”° Other nonmagnetic assay strategies for
detecting SARS-CoV-2 have been extensively reviewed in ref
27—-29 Recently, Liu et al. reviewed six promising methods
including whole-genome sequencing, RT-PCR, nanopore
target sequencing (NTS), antibody-based immunoassay
techniques, paper-based biomolecular sensors, and clustered
regularly interspaced short palindromic repeats Cas (CRISPR-
Cas) system-based technology for the detection of SARS-CoV-
2.”” Whole-genome sequencing relies on identification of the
whole sequence of the viral nucleic acid, which is the most
comprehensive approach but is also expensive and time-
consuming. RT-PCR first reverse-transcripts the viral RNA
into complementary DNA sequences, followed by the
exponential amplification of gene fragments with the help of
target-specific primers. NTS technology combines the
advantages of whole-genome sequencing and RT-PCR. The
target gene sequence first is amplified and then goes through a
sequencing process, where both the concentration of analytes
and detailed nucleic acid sequence information can be
analyzed. The CRISPER-Cas method makes use of the special
mechanism of CRISPER RNAs and Cas13a. Cas13a, which is
reprogrammed with CRISPER RNAs, can be activated after
recognition of the target RNA, leading to cleavage of a reporter
RNA that is bound to a fluorescent quencher. Paper-based
biomolecular sensors have also been developed based on the
programmable RNAs. Upon exposure to a trigger RNA, the
hairpin within the sensor begins to unwind, which exposes the
ribosomal binding sites and enables downstream protein
translation. Besides the RNA-based technologies, antibody-
based immunoassay, which relies on the specific reaction
between the antibodies and target antigens, is also promising
for the rapid detection of SARS-CoV-2. The development of
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high-quality antibodies as well as the improvement of the
testing sensitivity and specificity is the key to the large-scale
application of these technologies. Although RT-PCR is the
most-widely employed approach, the antibody-based immuno-
assay techniques, paper-based biomolecular sensors, and
CRISPR-Cas system-based methods are expected to be further
developed into large-scale screening methods in the future. On
the other hand, NTS, with high sensitivity, comprehensiveness,
and low cost, could be the most suitable method for the rapid
detection of suspected viral infection that cannot be diagnosed
effectively by other methods. In June 2020, Wang et al.
reported the NTS-based detection of SARS-CoV-2 and other
respiratory viruses simultaneously within 6—10 h, with a limit
of detection (LOD) of 10 standard plasmid copies per
reaction.”’ The specificity of this NTS for SARS-CoV-2
reaches 100%. It can effectively monitor muted nucleic acid
sequences, categorize types of SARS-CoV-2, and detect other
respiratory viruses from samples. In addition to the
technologies mentioned above, Shan et al. reported a
nanomaterial-based sensor array with the ability to detect
SARS-CoV-2 from exhaled breath.”" The sensor is composed
of organic film elements and inorganic nanomaterials. The
organic film elements are linked to gold nanoparticles and
function as the sensing layer, which either swells or shrinks
upon exposure to volatile organic compounds, leading to a
change in the device resistance. The sensor was used in the
clinical study with 94% and 76% accuracy in discriminating
between the patients and the controls for training and test set
data, respectively. The discrimination between COVID-19
patients and patients with other lung infections was also
demonstrated with accuracies of 90% and 95% for training and
test set data, respectively.

Among other biosensing technologies, magnetic biosensors
have attracted special attention in the past 20 years. Both
surface- and volume-based magnetic biosensors have been
developed for the detection of viruses, pathogens, cancer
biomarkers, metallic ions, etc.*>™** In magnetic biosensors, the
magnetic tags [usually magnetic nanoparticles (MNPs)] are
functionalized with antibodies or DNA/RNA probes that can
specifically bind to target analytes.*’~* The concentration of
target analytes is thus converted to the magnetic signals that
are generated by these magnetic tags. Compared to optical,
plasmonic, and electrochemical biosensors, magnetic bio-
sensors exhibit low background noise because most of the
biological environment is nonmagnetic. The sensor signal is
also less influenced by the type of sample matrix, enabling
accurate and reliable detection processes.** The number of
published papers on magnetic biosensors is summarized in
Figure 1, which indicates an increasing scientific interest in this
topic.

Most magnetic biosensors fall into several categories,
namely, magnetoresistance (MR) sensors, magnetic particle
spectroscopy (MPS) platforms, and nuclear magnetic reso-
nance (NMR) platforms. MR sensors are surface-based
technologies that are sensitive to the stray field from the
MNPs bound to the proximity of the sensor surface. MR-based
magnetic bioassays are reviewed in section 2, and this kind of
assay scheme is achieved by converting the binding events of
MNPs (due to the presence of target analytes) to readable
electric signals. The sensitivity of MR bioassays largely depends
on the magnetic properties of the magnetic stacks in the MR
sensors as well as MNPs. Optimization of the thin-film
structures in MR sensors is needed to acquire magnetic field
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Figure 1. Number of publications on magnetic biosensors in the past
20 years as of July 8th, 2020. The data were acquired from the Web of
Science core collection with the keywords “magnetic biosensors” and
“magnetic biological sensors”.

response with high sensitivity and linearity. In the meantime,
MNPs employed in the immunoassays are required to exhibit
high magnetic moments while maintaining the superparamag-
netic state. On the contrary, MPS platforms are volume-based
technologies that (reviewed in section 3) directly detect the
dynamic magnetic responses of MNPs; thus, MNPs are the
only signal sources and indicators for probing target analytes
from nonmagnetic media. Consequently, the magnetic proper-
ties of MNPs such as saturation magnetization and anisotropy
are the key parameters for optimization of the device
performance. Other factors such as the electrical and magnetic
properties of the excitation and pick-up coils also need to be
considered. NMR platforms (reviewed in section 4) use MNPs
as contrast enhancers to introduce local magnetic field
inhomogeneity and to disturb the precession frequency

variations in millions of surrounding water protons. Thus,
high-sensitivity NMR-based bioassays intrinsically benefit from
the MNP contrast agents. In addition to the desired magnetic
properties for MR and MPS platforms, MNPs in NMR systems
are also required to exhibit high transverse relaxivity. Different
magnetic nanosensor-based platforms for virus and pathogen
detection are reviewed, and comparisons are made in Table 1.
Other bioassay platforms that use magnetic nanomaterials as
auxiliary tools to enhance the detection performances are also
reviewed in section S. In this review, magnetic biosensor
application in virus and pathogen detection will be summarized
and discussed based on the different working principles of the
technologies.

2. MR PLATFORMS

2.1. MR. MR was first discovered by William Thompson,
who coined the term anisotropic magnetoresistance (AMR)."’
The physical observation of AMR shows that the resistivities of
both Ni and Fe increase when the charge current is applied
parallel to the magnetization and decrease when the charge
current is applied perpendicular to the magnetization.** This
AMR effect originates from the spin—orbit interactions and
was experimentally and quantitatively demonstrated by Fert
and Campbell.”” However, the maximum resistance change
recorded from AMR devices is only around 2%, which renders
it unsuitable for most applications. Regarding this, a detailed
review of the AMR effect in thin films and bulk materials can
be found in ref 48. Herein, the AMR biosensors will not be
discussed due to their limited applications in magnetic
biosensing.

Giant magnetoresistance (GMR) was at first observed from
the Fe/Cr multilayers grown with molecular-beam epitaxy by
Albert Fert and Peter Grunberg.’”>" These multilayers exhibit
a resistance change significantly higher than that of the AMR
devices. The GMR effect primarily exists in multilayer
structures with alternating ferromagnetic and nonmagnetic
metallic layers. When the magnetizations of two adjacent

Table 1. Comparison of Different Magnetic Nanosensors

platform assay time pathogen LOD evaluated matrix ref
GMR <10 min  HINI1 15 ng/mL (0.26 nM) for HIN1 nucleoprotein PBS* 73
H3N2v 125 TCIDsy/mL
<10 min HINI1 250 TCIDsy/mL nasal swab 72
H3N2v 250 TCIDgy/mL
1S min HBV 200 IU/mL DNA serum 75
N.A. E. coli O1§7H:H7 100 CFU/mL antigen in a 1 mL sample PBS 77
NA. M. tuberculosis 1 pM ESAT-6 protein N.A. 78
MT]J 100 min  HEV N.A. PBS 83
L. monocytogenes ~ N.A.
N.A. HIV 0.01 pg/mL (4.16 nM) antigen p24 N.A. 84
MPS 30 min C. botulinum 022, 0.11, and 0.32 ng/mL (1.46, 0.7, and 2.2 pM) for BoNT-A, -B, and -E, milk, apple, and orange 85
respectively juices
25 min  S. aureus 4 and 10 pg/mL (0.18 and 0.34 pM) for TSST and SEA milk 86
2h 0.1 and 0.3 ng/mL (4.5 and 10.3 pM) for TSST and SEA
10 s HIN1 4.4 pmol for HIN1 nucleoprotein PBS 87
42 min  SARS-CoV-2 2.96 ng/mL (19.7 pM) for SARS-CoV-2 antispike—protein antibodies PBS 88
3.36 ng/mL (22.4 pM) SARS-CoV-2 antispike—protein antibodies serum
NMR 1 min E. coli O157:H7 76 CFU/mL water 89
92 CFU/mL milk
25h M. tuberculosis 1 nM ssDNA in 1 uL sample sputum 90
“PBS: phosphate-buffered saline.
9562 https://dx.doi.org/10.1021/acsanm.0c02048
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ferromagnetic layers are parallel, the multilayers show low
resistance, and when the magnetizations are antiparallel, the
multilayers exhibit a high-resistance state. The industrial
breakthrough for GMR discovery was made when Parkin et
al. observed the GMR effect from direct-current-sputtered
multilayer structures.”” Although the GMR effect was primarily
observed in a thin film or layered system (Figure 2A), it is also
observed in other systems such as Co—Au, Co—Ag, and Fe—
Ag granular films.>*™>" The GMR effect in granular films
(Figure 2B) is highly related to the spin-dependent interfacial
scattering, interparticle coupling, and several are significant for
biosensing purposes because of their ability to adapt to the
shapes of different biomolecules.”®*” In comparison to other
types of sensors, the ability of flexible GMR sensors to respond
to an external magnetic field makes them a perfect candidate
for wearable real-time body activity monitoring and evaluation
of drug-delivery effectiveness. Because no experimental
demonstration on the flexible MR-based detection of
viruses/pathogens has been reported, further discussion on
flexible GMR-based biodetection is restricted in the subse-
quent sections.

Magnetic tunnel junctions (MTJs) have stack structures
(Figure 2C) similar to that of the GMR spin valves except that
the adjacent ferromagnetic layers are separated by an insulating
layer, which is usually an oxide. In the earlier days, AlO, was
used.’”®" Later, this insulating layer was replaced by a MgO
material for smaller lattice mismatch and interface instability
and, thus, higher tunnel magnetoresistance (TMR) ratio.*>%?
The most important characteristic of a MTJ structure is its
transfer curve, as shown in Figure 2D. In the transfer curve,
two characteristics are of utmost importance: the MR ratio and
sensitivity. The physical characterization of the MR ratio is the
rate of change in the MR device resistance along with varying
magnetic field. Its sensitivity is measured by the slope of the
transfer curve at an intensity of the magnetic field. In this
regard, an interesting point to note is the trade-off between the
sensitivity and linear magnetic field response range for MR
sensors. A large linear response range in the transfer curve is
attained with great ease in GMR sensors, although this comes
with a compromise on the sensitivity. On the other hand, even
though MT]J sensors possess high sensitivity, additional stack
designs or supporting parts such as bias magnets are required
to achieve high linearity.*”°° Another factor that comes into
play for all sensors in the nanoscale is the signal-to-noise ratio
(SNR). Generally, MT]J sensors show higher SNR than GMR
sensors. However, the shot noise from the conduction medium
can cause the SNRs of MT]s to suffer.”” With the advancing of
thin-film deposition and nanofabrication technologies, the
TMR ratio has increased dramatically during the past 20 years
from ~20% to over 200%.°>°%~7°

2.2. GMR Platform. Since Baselt et al. reported the first
GMR-based biosensor using the Bead Array Counter micro-
array, GMR-based biosensing has been attracting increasing
attention among the community.”' This section reviews the
GMR biosensors for detecting viruses and pathogens and
compares their LODs and advantages over the existing
biosensing tools. Take the sandwich immunoassay as an
example (Figure 3A), where the capture antibodies specifically
targeting analytes (such as antigens from viruses/pathogens)
are prefunctionalized on the GMR sensor surface. Then
biofluid samples are added, and specific antibody—antigen
bindings take place on the sensor surface. Usually a washing
step is added to remove the unbound analytes from the sensing
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areas. Then the detection-antibody-functionalized MNPs are
added to the GMR sensing areas, forming the MNP—detection
antibody—antigen—capture antibody complexes. Thus, the
amount of MNPs captured to the proximity of the sensor
surface is directly proportional to the number of antigens in the
testing sample. Furthermore, this sandwich immunoassay
scheme significantly enhances the detection specificity. To
attain the best performance, superparamagnetic MNPs
(SPMNPs) are prevalently used to avoid clustering and
sedimentation to the sensor surfaces. There are several factors
to be considered for MNP-based magnetic immunoassays.
First, the size of the MNPs should stay under the critical size of
a single-domain-to-multidomain transition, which is around 25
nm for iron oxide MNPs, to maintain the superparamagnetic
state. Second, the saturation magnetization increases with the
particle size until it reaches the bulk value. As a result, the size
of the MNPs should be increased to acquire high saturation
magnetization but also be small enough to stay in the single-
domain state. Third, the uniformity of both the sizes and
shapes of MNPs is important in a detection process with high
repeatability. Because the signals of the magnetic sensors
depend on the stray field from MNPs, poor uniformity will
lead to signal variation from each binding event between the
target analyte and sensor surface, thus resulting in different
signal levels for multiple measurements of target analytes with
the same concentration.

Krishna et al. reported a GMR benchtop system for
detection of the HIN1 strain of the influenza A virus (IAV)
within a concentration range of 10°~10° TCIDs,/mL.”” Wu et
al. reported a portable GMR biosensing device named Z-Lab
(Figure 3B) to detect IAV.”” They achieved a LOD of 15 ng/
mL for detecting HIN1 nucleoprotein (Figure 3C) and a LOD
of 125 TCIDs,/mL for detecting purified H3N2 variant virus
(H3N2v) from buffer solutions, with an overall assay time of
less than 10 min. Later, Su et al. reported the wash-free
immunoassay scheme for detecting HIN1 and H3N2v from
spiked nasal-swab samples with a reported LOD of 250
TCIDgy/mL.>* This wash-free immunoassay approach allows
for detections handled by nontechnicians with minimum
training requirements. Another group from Stanford University
reported a similar GMR-based portable system for on-site
bioassays (Figure 3D). They reported the multiplexed assay of
human immunoglobulin G and M (IgG and IgM) antibodies
with sensitivities down to 0.07 and 0.33 nM, respectively.
Figure 3E shows the real-time signals as measured by their
portable device for detecting various concentrations of IgG
over a 10 min measurement period.”* Zhi et al. reported the
detection of Hepatitis B virus (HBV) using a GMR biochip
integrated with a microfluidic channel with a detection
sensitivity of 200 IU/mL for HBV DNA molecules.”® In
their work, the integration of a microfluidic channel increased
the ease of handling smaller sample volumes on the sensing
area. A good follow-up of this work with significantly improved
LODs down to 10 copies of target HBV DNA molecules has
been reported.”® GMR platforms have also been reported for
bacteria detection. For instance, Sun et al. reported the
detection of Escherichia coli O157H:H7 antigen using the GMR
biosensing scheme with a reported LOD of 100 colony-
forming units (CFU)/mL.”” Gupta et al. reported the
detection of Mycobacterium tuberculosis specific antigen—
ESAT-6 using the GMR scheme and a LOD of 1 pM.”®

The key takeaway point here is that several experimental
demonstrations of magnetic assays for virus detection based on
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GMRs, and the reported LODs indicate that GMR-based
bioassay is one of the promising candidates for the on-site,
rapid, and sensitive detection of COVID-19.

2.3. MTJ Platform. The first-ever proof-of-concept MTJ as
a biosensor was reported by Grancharov et al. in 2005.”” They
demonstrated a unique method for antigen and DNA detection
at room temperature using monodispersed manganese ferrite
nanoparticles as the magnetic tags. Since then, there have been
several attempts to employ MTJs as biosensors.” "~
However, most of their attempts were limited to genotyping
applications of TMR sensors. In the year of 2017, Sharma et al.
demonstrated a poly(methyl methacrylate) microfluidic
integrated MT]J platform (Figure 4A,B) for detecting
pathogenic DNA from Hepatitis E virus (HEV), Listeria
monocytogenes, and Salmonella typhimurium bacteria.*® Parts C
and D of Figure 4 show that the normalized signal acquires as a
function of time from MT]J sensors functionalized with HEV
and Listeria target DNA probes, respectively, with an assay
time of around 100 min. The excellent sensitivity and
specificity of the microfluidic integrated MTJ platform could
pave the way for a lab-on-chip multiplexed apparatus and the
POC detection of pathogenic antigens. Very recently, Li et al.
experimentally demonstrated the detection of HIV-1 antigen
p24 by MT]J sensors with an assay time of less than 10 min and
a LOD on the order of 0.01 pg/mL.**

With improved circuitry design and the ease of nano-
fabrication, there is a trend to use MT] sensors for bioassays.
Gervasoni et al. used a 12-channel dual lock-in platform to
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improve the circuitry for signal generation and acquisition in
their MTJ sensing system.”” They achieved a sub-ppm
resolution of the lock-in amplifier and an order of magnitude
better than a commercial state-of-the-art instrument. However,
there are several disadvantages of MTJs as biosensors
compared to GMR sensors. The requirement for top
electrodes increases the distance between the MNPs bound
to the surface and the free layer of the MT]J sensor. Because the
stray fields of the MNPs decay rapidly with an increase of the
distance, the sensitivity of the MT]J sensors is often sacrificed
despite their high TMR ratio. Furthermore, the difficulty to
achieve high linearity and low coercivity also remains a
challenge for MT]Js. More dedicated designs of the stack
structure and the fabrication process are needed to take full
advantage of the high signal level induced by the large TMR
ratio.

3. MPS PLATFORMS

3.1. MPS. MPS was first reported by Nikitin et al. and
Krause et al. in 2006.”"> It is a derivative technology from
magnetic particle imaging (MPI), where the tomographic
images can be reconstructed by exploiting the nonlinear
magnetic responses of MNPs.”””* Herein, in MPS-based
immunoassays, the nonlinear magnetic responses of MNPs
along with their rotational degree of freedom are used as
metrics for different biosensing purposes.* In a MPS platform,
external sinusoidal magnetic fields (also called excitation fields)
are applied to periodically magnetize (and magnetically

https://dx.doi.org/10.1021/acsanm.0c02048
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saturate) the MNPs, as shown in Figure SA1,A3.8578795-101
The time-varying dipolar magnetic fields generated by MNPs
as a response to the applied fields (Figure SA2,A4) are
monitored by pick-up coils. As a result of Faraday’s law of
induction, the time-varying electric voltages from pick-up coils
are recorded and MPS spectra are extracted for analysis, as
shown in Figure SA3,A6). Nowadays, there are two excitation
field modes of MPS platforms that have been frequently
reported: the monofrequency and dual-frequency modes. In a
monofrequency MPS platform, one sinusoidal magnetic field
with frequency fis applied and higher odd harmonics at 3f (the
third harmonic), Sf (the fifth harmonic), 7f (the seventh
harmonic), etc., are observed because of the nonlinear
magnetic responses of MNPs.”>**'”> On the other hand, in
a dual-frequency MPS platform, two sinusoidal magnetic fields
with frequencies fy; and f| are applied. The low-frequency field
fr periodically magnetizes MNPs, while the high-frequency
field fy; modulates these higher odd harmonics to the high-
frequency range. Thus, higher odd harmonics at fy; + 2f; (the
third harmonics), f1; + 4f,, (the fifth harmonics), fy; + 6f; (the
seventh harmonics), etc., are observed.””?%1037106 Although
different in excitation modes, the detection mechanisms
periodically magnetize the MNPs, and the extractions of
higher odd harmonics as a result of nonlinear magnetic
responses are identical.

In addition, there are two types of MPS-based immunoassay
platforms: volume- and surface-based platforms (Figure SB,C).
Although both platforms use dynamic magnetic responses of
MNPs for characterization, the degrees of freedom are
different. In volume-based MPS platforms, MNPs are dispersed
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in the liquid phase. Upon the application of external magnetic
fields, their magnetic moments relax to align to the external
fields through the joint Brownian and Néel relaxation
processes, where Brownian relaxation is the physical rotation
of a whole MNP with its fixed magnetic moment and Neel
relaxation is the rotation of the magnetic moment inside a
stationary MNP. For volume-based MPS platforms, single-
core, SPMNPs that realign magnetic moments to external
fields through a Brownian-relaxation-dominated process are
favored. The Brownian relaxation process is affected by the
liquid viscosity, hydrodynamic volume of MNP, and temper-
ature (note: other factors such as the magnetic field amplitude,
dipolar interactions between neighboring MNPs, magnetic
properties of MNPs such as saturation magnetization,
anisotropy, etc., are not in the scope of this review). %>~
By surface functioning MNPs with biological/chemical
reagents such as antibodies, DNA, RNA, and proteins, the
MNPs serve as high-specificity probes to capture target
analytes from biofluid samples. As shown in Figure 5B, the
successful recognition and binding events on MNPs cause
increased hydrodynamic volume. Thus, Brownian relaxation is
inhibited but is still the dominant relaxation mechanism, and
magnetic responses are weakened. Larger phase lags between
the magnetic moments and external fields are detected, and
lower harmonic amplitudes are observed from the MPS
spectra. In this volume-based MPS platform, immunoassay is
achieved by monitoring the reduced rotational freedom of
MNPs in the testing suspension. On the other hand, in the
surface-based MPS platform, surface-functionalized MNPs are
captured to a solid substrate (i.e., reaction surface) and their
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Brownian rotational freedom is inhibited or blocked for
different scenarios, as shown in Figure 5C. As a result,
immunoassays are achieved by “counting” the number of
MNPs captured to the solid substrate.

3.2. Surface-Based MPS Platform. Orlov et al. reported a
multiplexed lateral-flow (LF) assay for the detection of
botulinum neurotoxin (BoNT) types A, B, and E.*> BoNT-
A, -B, and -E are proteins produced by anaerobic bacteria of
Clostridium botulinum widely present in soil and water. In their
work, multiplexing is realized by combining the MPS platform
with lateral-flow measurement. The lateral-flow method is
based on various optical labels such as latex, Au, Ag, and QDs,
with this method alone, it is difficult to achieve high-sensitivity,
quantitative immunoassays, especially in opaque media.'">™"'°
By replacement of these optical labels with magnetic labels
(i.e, MNPs), a potentially high-sensitivity, high-stability, and
low-background-noise biosensing platform is achieved. Herein,
the authors combined three test strips in a cartridge. Each test
strip is named A-strip, B-strip, and E-strip, respectively, for the
intended detection of BoNT-A, -B, and -E, respectively, as
shown in Figure 6D. Each strip is composed of overlapping
sample pad, conjugation pad, nitrocellulose, and wicking pad
on an adhesive plastic backing sheet, as shown in Figure 6A.
The anti-BoNT capture antibodies (labeled as capture Ab in
the figure) are deposited onto the nitrocellulose membrane
labeled as test line. The corresponding MNP—detection
antibody complexes (labeled as MP-Ab in the figure) are
deposited on the conjugation pad. During an assay process, the
testing sample is deposited onto the sample pad and the fluid
migrates along the test strip under capillary action. The target
analytes bind to MP-Ab and capture Ab on the test line. As
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shown in Figure 6B, the distributions of MNPs along the test
strip exhibit three peaks corresponding to the remaining MNPs
left on the conjugation pad, MNPs bind on the test line
because of the presence of target analytes, and unbound MNPs
collected on the wicking pad. The magnetic signal amplitudes
recorded by MPS [labeled as the magnetic particle
quantification (MPQ) reader in the figure] are positively
correlated with the concentration (quantity) of target analytes.
The specifically captured MNPs on the test line of the
nitrocellulose membrane can be seen in the scanning electron
microscopy (SEM) image shown in Figure 6C. The multi-
plexed assay procedures and measuring setup are like the
single-plex assay, by replacing the single-plex strip with a
cartridge. The sample is deposited on the cartridge, and after
~25 min, the cartridge is inserted into the MPQ reader for
measurements. Using this method, the authors have success-
fully and simultaneously detected three botulinum toxin
stereotypes from complex liquid matrixes such as whole milk
and juices.

The authors successfully combined the MPS method with
the lateral-flow method. By the conjugation of different capture
antibodies onto different locations of a test strip, a multiplexed
assay platform is achieved. By replacement of the optical labels
with MNPs, the measurements can analyze media regardless of
the optical properties, offering sensitivities on the level of
laboratory-based quantitative methods.

Orlov et al. reported the application of the MPS platform for
the detection of toxins produced by Staphylococcus aureus.*®
These toxins are widely present in the environment and the
cause of diverse fatal illnesses such as severe gastrointestinal
diseases and toxic shock. In their work, they introduced a novel
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magnetic immunoassay on the 3D fiber solid phase (Figure
7D) that fits into a standard automatic pipet tip, as shown in
Figure 7A. The 3D porous filter surfaces are immobilized with
capture antibodies specific to a definite toxin. These as-
prepared solid-phase filter immobilized with antibodies can be
stored for a long time without compromising the properties.
Two measurement formats are proposed: one for analysis of
the small-volume samples (Figure 7B, labeled as express MIA)
and the other for analysis of the large-volume samples (Figure
7C, labeled as high-volume MIA). In the express MIA, samples
are dispensed simultaneously through all of the tips by an
electronic pipet. In the high-volume MIA, the testing sample is
pumped through the 3D fiber filters and the sample volume is
determined by the pumping rate and time. In this step, the
target analytes flowing through 3D porous filters are captured
by the capture antibodies from the solid-phase filter. Further
steps are the same for both formats. After the samples are
passed through the filters, each filter is washed to removed
unbound reagents. Then 7 min of dispensing of the detection
antibody—MNP complexes is carried out followed by another
cycle of the washing step. The MNPs that bind to the
immunocomplex on the 3D porous fiber surfaces serve as
labels to be recorded by the MPS reader.

In June 2020, Pietschmann et al. reported the portable MPS
surface-based immunoassay platform MInD (magnetic im-
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munodetection) for the detection of SARS-CoV-2-specific
antibodies.*® In their work, a porous polyethylene filter matrix
coated with a SARS-CoV-2 spike—protein peptide is serving as
the reaction surface (called immunofiltration columns in the
paper). Varying concentrations of SARS-CoV-2 antispike—
protein antibodies in phosphate-buffered saline (PBS) and
human serum samples are spiked through the surface, followed
by a washing step to remove unbound antibodies. Then
biotinylated secondary antibodies are added, followed by
another washing step. Finally, streptavidin-coated MNPs are
added to the reaction surface, forming a [SARS-CoV-2 spike—
protein peptide]—[SARS-CoV-2 antispike—protein anti-
body]—[secondary antibody]—[MNP] structure. After a final
washing step, the MPS spectra of captured MNPs are
measured. They achieved LODs of 2.96 and 3.36 ng/mL for
the detection of SARS-CoV-2 antispike—protein antibodies
from PBS and human serum, respectively. It shows better
sensitivity and a wider detection range than the commonly
used analytical biochemistry assay ELISA. However, negative
control groups are PBS and serum without antispike—protein
antibodies. The detection of antibodies can provide a larger
window of time for the indirect detection of SARS-CoV-2
because antibodies are generated in response to the infection.
Antibody testing is very useful for the surveillance of COVID-
19. One potential challenge of developing accurate antibody
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detection is the potential cross-reactivity of SARS-CoV-2
antibodies with antibodies generated against other coronavi-
ruses.”® Yet, in this work, cross-reactivity with another
coronavirus such as MERS coronavirus (MERS-CoV) and
SARS coronavirus (SARS-CoV) is not tested. This POC
testing device allows for the identification of people with
immunity against SARS-CoV-2.

3.3. Volume-Based MPS Platform. Zhang et al. first
demonstrated the feasibility of using a volume-based MPS
bioassay method for molecular sensing applications.” In their
work, the MNPs are functionalized with two antithrombin
DNA aptamers: the target analytes (i.e., thrombin) link MNPs
together through DNA—DNA interactions, inhibiting the
rotational freedom of MNPs and thus reducing the magnetic
responses. They showed a LOD of 4 nM and 2 pmol for the

9569

detection of thrombin. In addition, they also demonstrated the
capability of detecting ssDNA from serum with a LOD of 400
pM. This pioneering work proves that volume-based MPS can
be a promising platform for highly sensitive, versatile bioassay
and potentially for future in vivo applications.

Wu et al. reported the volume-based MPS immunoassay
platform utilizing the polyclonal-antibody-induced cross-link-
ing of MNPs for one step, the wash-free detection of HIN1
nucleoprotein molecules.”” In their work, the MNPs are
anchored with polyclonal IgG antibodies specific to HIN1
nucleoprotein. Each HIN1 nucleoprotein molecule has many
epitopes serving as binding sites for IgG polyclonal antibodies.
Thus, each nucleoprotein can bind to more than one MNP,
consequently forming MNP clusters. As shown in Figure 8A,
seven experimental groups and two negative groups are
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prepared. For negative control 2 (sample index IX), magnetic
responses of bare MNPs are recorded in the MPS platform.
For negative control 1 (sample index VIII), the magnetic
responses of polyclonal antibody—MNP complexes are
recorded. For experimental groups I-VII, different concen-
trations of HIN1 nucleoprotein are mixed with polyclonal
antibody—MNP complexes, and the concentrations from
highest to lowest are 4.42 uM (I), 2.21 uM (II), 884 nM
(1), 442 nM (IV), 221 oM (V), 88 nM (VI), and 44 nM
(VIL). Because of the varying abundancies of target analytes
(i.e., HIN1 nucleoprotein), different degrees of MNP
clustering are observed from samples I-VIL. As shown in
Figure 8B, with the increasing degree of MNP clustering, the
averaged MNP hydrodynamic size increases and the harmonic
amplitude decreases. Figure 8C shows the third- and fifth-
harmonic amplitudes from samples IX, VIII, and I. With the
anchoring of polyclonal antibodies onto MNPs, a small
decrease in the harmonic amplitude is observed from sample
VIII compared to sample IX, which proves the successful
conjugation of antibodies on MNPs, and as a result, the
hydrodynamic size slightly increases. The experimental group
(sample I) shows a substantial decrease in the harmonic
amplitudes due to HIN1-nucleoprotein-induced MNP cluster-
ing. As a side note, the harmonic ratios are also used as a
MNP-quantity-independent factor for MPS-based immuno-
assay. Parts a—e of Figure 8D show the hydrodynamic size
distributions of MNPs from samples II (2.21 uM), IV (442
nM), VI (88 nM), VIII (MNP—antibody complex), and IX
(bare MNP) measured by dynamic light scattering (DLS). The
hydrodynamic size increases after the anchoring of antibodies
onto MNPs and then further increases in the presence of
HIN1 nucleoprotein. Figure 8D,f gives a more intuitive
comparison between samples II (2.21 yM) and VIII (MNP—
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antibody complex). The HIN1 nucleoprotein causes a
noticeable size peak shift from 46 to 59 nm. In addition, the
bump between 200 and 300 nm indicates the presence of
MNP clusters. In Figure 8E,F, the harmonic amplitudes
recorded from samples I-IX show similar trends.

This one-step, wash-free, volume-based MPS detection
scheme allows for immunoassay on minimally processed
biological samples and handling by nontechnicians with
minimum training requirements. Because the magnetic signals
come for the whole volume of MNP suspension, removing the
unbound MNPs from the sample could ensure higher
detection sensitivity for this type of volume-based assay mode.

4. NMR PLATFORMS

4.1. NMR. The basic properties of NMR will be elaborated
herein. Nuclei such as 'H, *C, and *'P with an odd number of
protons and/or neutrons exhibit intrinsic magnetic moments
and thus possess nonzero spin, where 'H is the most studied
nucleus because of its abundancy in biological samples. For
example, the NMR signals from water and fat in the patient’s
tissues are monitored for MRI applications. When an external
static magnetic field, Hy, is applied along the z direction, the
nuclear spin behaves like a small magnetic bar and precesses
about the field direction with a Larmor frequency. Upon
removal of this external field, the nuclear spins are randomized,
showing zero net magnetization on the macroscopic level.
When a radio-frequency (RF) pulse is applied orthogonal to
the static field Hy, these nuclei are flipped toward the x—y
plane. A tipping angle of 90° (i.e., flipping the nuclear spins to
the x—y plane) can maximize the resultant NMR signal in the
transverse plane. When the RF pulse is removed, these nuclei
relax back to equilibrium states. The RF coils monitor the
transverse and longitudinal magnetizations of these nuclear
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Figure 10. (A) Assay procedure. (B) Fluidic cartridge-integrating PCR chambers, a mixing channel, and a microcoil for NMR measurements. The
entire cartridge is disposable. (C) SEM image of the bead captured by the membrane filter. Scale bar = 1 ym. The inset SEM image shows that the
beads are efficiently labeled with MNPs. Scale bar = 30 nm. Reproduced with permission from ref 90. Copyright 2013 Springer Nature.

spins by means of measuring the magnetic flux. The
longitudinal relaxation time T is the time taken for the z-
component of the nuclear spin (magnetization) to return to its
thermal equilibrium value, and the transverse relaxation time
T, is the measure of the decay of net magnetization in the x—y
plane (perpendicular to Hy). The reciprocals of T; and T, are
known as the longitudinal and transverse relaxation rates R,
and R,, respectively.

For most bioassay applications, NMR detects the MNP-
labeled targets by measuring the precessional signal of the 'H
proton from the whole sample volume. In this way, the NMR
platform is categorized as one type of volume-based immuno-
assay method. Note that NMR-based immunoassay platform is
also called magnetic relaxation switching. As shown in Figure
9A, because of the high surface-to-volume ratio of MNPs, the
local magnetic field inhomogeneity caused by the MNP
disturbs the precession frequency variations in millions of
surrounding water protons, which accelerates the decay of the
spin system’s phase coherence. In addition, the NMR-based
detection intrinsically benefits from signal amplification and is
able to achieve high sensitivity. As the monodispersed MNPs
aggregate upon binding to targets, the clusters can efficiently
dephase the nuclear spins of the surrounding water protons,
resulting in decreased T, relaxation time. The reverse is also
true upon cluster disassembly. The magnetic relaxivity is
defined as the intrinsic property of the MNP’s ability to
increase the longitudinal and transverse relaxation rates of its
surrounding water protons. In order to optimize the MNPs for
enhanced relaxivity of the water protons under a given field,
the Solomon—Bloembergen—Morgan (SBM) theory was
reported for the physical interpretation of nuclear spin
relaxation in paramagnetic solutions."'’ ™"
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A highly homogeneous static field Hy is the prerequisite for a
high-sensitivity NMR platform. Such systems require highly
homogeneous samples, coils, a container, and susceptibility
matchin§, which are the major obstacles toward miniaturizing
NMR.'”" In recent years, there have been many advances in
miniaturizing the NMR platforms such as assembling
electronics into integrated-circuit chips, implementing smaller
or planar NMR coils and compact permanent magnets and
mounting microfluidic channels.'*°~"** These low-cost micro-
NMR (uNMR) platforms have demonstrated the portability,
robustness, versability, and even higher sensitivity than
conventional systems. There are many books and reviews
highlighting the recent advances of yNMR systems as well as
the yNMR for real-life ap lications, and we list some of them
for readers’ information. **~"*,

Figure 9B shows the steps of NMR-based immunoassay with
MNP—pathogen interaction, magnetic separation, and filtra-
tion. As mentioned in section 3.3, for volume-based biosensing
platforms, the filtration step could effectively reduce the
interference of unbound MNPs. The magnetic separation and
filtration are not necessary but are favored for high-sensitivity
immunoassays.

Issadore et al. reported a miniaturized NMR platform for
POC diagnostics."** A photograph and the schematic of the
portable NMR platform are shown in Figure 9C,D. The
magnet, microcoils, and RF matching circuits are assembled
into a thermally insulating shell. The circuits can provide NMR
pulse sequences, collect NMR signals, and communicate with
external terminals. Samples are loaded to polyimide tubes and
inserted into the microcoil bore for NMR measurements. A
modular coil is plugged into the system to accommodate
sample volumes (i.e., from 1 to 100 mL). This portable NMR
platform with automatic measurement setting tuning provides
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Table 2. Advantages and Disadvantages of Different Magnetic Nanosensors

disadvantages

multiple washing steps usually required, thus needing well-trained technicians, but can be wash-free,

which reduces the sensitivity

platform advantages
GMR high sensitivity
availabilty of a portable device time-consuming
mass production capability
MTJ high sensitivity

high cost per test; nanofabrication of GMR biosensors required

multiple washing steps usually required, thus needing well-trained technicians, but can be wash-free,

which reduces the sensitivity

mass production capability

high noise; large distance from the MNP to sensor surface

hard-to-acquire linear response

complicated fabrication process

time-consuming

high cost per test; nanofabrication of MT] biosensors required

MPS, surface- high sensitivity

based
low cost per test time-consuming
availabilty of a portable device
MPS, volume-  one-step wash-free detection allowed medium sensitivity
based
immunoassays that can be hand-held by
nontechnicians
low cost per test
availabilty of a portable device
NMR availabilty of a portable device

multiple washing steps usually required, thus needing well-trained technicians, but can be wash-free,
which reduces the sensitivity

multiple washing steps usually required, thus needing well-trained technicians, but can be wash-free,

which reduces the sensitivity.

time-consuming

medium sensitivity

users with an easy-to-use interface and offers a sensitive on-site
diagnosis. With these capabilities, it is expected that an NMR
hand-held device can be an essential tool for personal care and
accurate diagnostics for infectious diseases in rural areas and
mitigates the healthcare burden.

4.2. NMR Platforms. Recent advances in micro- and
nanofabrication have accelerated the development of portable
NMR devices. Alocilja and Luo reported the detection of
foodborne bacteria E. coli O157:H7 from drinking water and
milk samples using a portable NMR platform.”” The NMR
system is able to generate 0.47 T of magnetic field and a high-
power pulsed RF transmitter with ultralow-noise-sensing
circuitry. In their work, the bacteria are labeled with MNPs
through antibody—pathogen interactions. A 20—30 min
filtration step is carried out and followed by 1 min of NMR
signal collection.

Liong et al. reported the detection of nucleic acids based on
a magnetic barcoding strategy,”” where the PCR-amplified
mycobacterial genes are specifically captured on the micro-
spheres and labeled by MNPs and then detected by the NMR
technique. All of the components and steps are integrated into
a fluidic cartridge for simplified on-chip assays. As shown in
Figure 10A, the sputum samples are first processed to extract
DNA from M. tuberculosis followed by PCR amplification. The
amplicons are captured by polymeric beads that are coated
with complementary capture DNA strands. Then MNPs
modified with probed DNA strands bind to the other end of
the amplicon. This capture DNA—target DNA—probe DNA
scheme enhances the detection specificity and offers fast
binding kinetics. After the removal of unbound MNPs, samples
are subjected to NMR measurements. The MNPs captured
due to target DNA cause faster relaxation of the 'H NMR
signal, and the decay rate is directly proportional of the MNP
amount (and the amount of initial DNA), enabling the
quantification of target DNA strands. The microfluid device for
on-chip NMR measurements is shown in Figure 10B. MNPs
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and buffers are preloaded in gated chambers, and after the
target DNA strands are PCR-amplified, the amplicons are
mixed with capture beads. The bead—DNA complexes are then
mixed with MNPs and passed to the mixing channels. The
MNP-labeled beads are filtered by an inline membrane, shown
in Figure 10C, and concentrated into the NMR chamber for
measurements.

In addition to the bioassay applications, saturation-transfer-
difference (STD) NMR has emerged as a robust tool for
characterizing protein binding and ligand screening.”® It is
used for identifying the underlying mechanisms of Hepatitis B
virus X protein (HBx)-mediated carcinogenesis. Yue et al. used
a NMR-based metabolomic approach to study the effects of
HBx on cell metabolism."*® Kusunoki et al. used NMR to
characterize interactions between the HBx BH3-like motif and
Bcl-y;, and showed that this motif binds to the common BH3-
binding hydrophobic groove of Bcl-y; with a binding affinity of
89 uM."”’” NMR is applied for assessing the ability of an
artificially designed oligopeptide in binding to Ebola virus Viral
Protein 24 (VP24)."*® The successful protein—protein binding
could inhibit the interaction of Ebola virus VP24 with the
human protein Karyopherin, thus reducing the Ebola virus
virulence. Vasile et al. used NMR to study the interactions
between the sialic acid and influenza hemagglutinin (HA) from
human and avian strains."*” Screening of the HA ligand—
protein interactions could yield useful information for an
efficient drug design.

Herein, we have reviewed different magnetic nanosensors
and included the most representative literatures. The
advantages and disadvantages of each platform are listed and
compared in Table 2. It should be noted that the pros and cons
listed in Table 2 are based technology but not on theoretical
limiting values. There are several papers commenting on the
limiting sensitivities of different magnetic nanosensors for

) 94,140—146
readers’ reference.
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Table 3. Magnetic Nanomaterials as Auxiliary Tools in Other Bioassay Platforms

assay
platform time pathogen LOD
MALDI-TOF 1h HSN2 10*+°-10%* TCIDs,
MS
FMR N.A. V. cholerae 1 pM in a 1 yL sample
Zika virus 100 aM in a 1 uL sample
RLS 12h HAV 6.2 pM
20 min  JEV 1.3 pM
SERS 25 min  H3N2 10 TCIDsp/mL in a 100 pL
sample
RT-PCR 2h HBV 10 copies in a 1 yL sample
HCV 10 copies in a 1 uL sample
HIV 100 copies in a 1 yL sample
fluorometry 2h EIV 1.3 ng/mL EIV antigen
EIAV 1.2 ng/mL EIAV antigen
30 min  E. coli N.A.
S. aureu
NA. alternaria 0.25 pg/mL for AME
species
1h HTLV-II 0.22 fM for DNA detection

evaluated matrix function of magnetic nanomaterials ref

virus lysate magnetic separation 147

PBS magnetic signal source 148

PBS containing 20% fetal bovine

serum

N.A. magnetic separation and magnetic 150
signal source

serum magnetic separation and magnetic 151
signal source

PBS SERS-active magnetic supporting 152
substrates

serum magnetic separation 154

PBS magnetic separation 153

PBS fluorescence quenching and magnetic 18S
separation

PBS magnetic separation 157

serum magnetic separation 158

To evaluate a bioassay platform, the assay sensitivity
(positive percent agreement) and specificity (negative percent
agreement) are usually of interest. Sensitivity refers to the
bioassay platform’s ability to correctly detect the sick people
who do have the illness. This parameter is determined by both
the concentration level of target analytes from the sample and
the volume of the sample available for testing. In addition, a
bioassay platform should be sufficiently sensitive so that the
concentration/quantity level of target analytes falls withing the
dynamic range of the assay. The sensitivity of a platform can be
increased when coupled with amplification techniques (such as
RT-PCR) when nucleic acids are detected. Thus, the assay
sensitivity of a platform depends on the intrinsic property of
the sensor: the dynamic range. External factors such as the
sample volume available for testing, whether it is coupled with
amplification techniques, can also affect the platform
sensitivity. Thus, in Table 2, the sensitivity of each bioassay
platform is only evaluated by its intrinsic sensitivity without
considering external factors.

On the other hand, the specificity is that the assay will
measure only the target analytes and not the substrate or any
other analytes. Steps can be taken to improve the assay
specificity. Taking the antibody—antigen-based immunoassay
as an example, it is desired to obtain antibodies that are of
high-binding specificity and affinity to target analytes. Such
antibodies must be characterized rigorously under actual assay
conditions to ensure that they have the desired specificity. In
addition, the high bioassay specificity is often difficult to reach
when testing from a complex sample matrix. For example, the
one-step wash-free assay method might suffer from lower assay
specificity. Thus, assay specificity of a platform depends on
external factors such as antibodies and the assay format. This is
the reason why the assay specificity of each platform is not
listed or compared in Table 2.

5. OTHER MAGNETIC BIOASSAY METHODS

In most magnetic nanosensors, MNPs are used as labels (e.g, MR
sensors and MPS platforms) or contrast enhancers (e.g, NMR
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platforms) because of their unique magnetic properties, large surface-
to-volume ratio, good stability and biocompatibility, and facile surface
functionalization with a great variety of reagents. In addition to the
above technologies, other platforms that utilize MNPs as auxiliary
tools for virus and pathogen detection have also been extensively
reported. In this section, we reviewed some representative works that
use magnetic nanomaterials as auxiliary tools for high-sensitivity virus
and pathogen detection, as summarized in Table 3.

Chou et al. use surface-functionalized MNPs as probes for efficient
magnetic separation to achieve rapid and sensitive virus screening.147
In their work, MNPs are functionalized with HSN2 viral antibodies
targeting the HA protein. Combined with magnetic separation, these
MNPs show effective isolation of HSN2 from lysate for direct matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS) readout without any elution steps. A LOD in the
range of 10*°~10%* TCIDy, is achieved within a diagnosis time of 1 h.
The functionalized MNP probes can unambiguously differentiate the
HSN?2 viruses from other subtypes such as HSNI1 viruses with a high
specificity and thus can be utilized for the rapid screening of different
virus subtypes.

Tian et al. reported ferromagnetic resonance (FMR)-based
volumetric and homogeneous biosensors for DNA detection.'*®
This method quantifies the target DNA by measuring the FMR field
shift of the suspension. The detection strategy for target DNA is based
on an isothermal amplification followed by hybridization with
detection-antibody-modified MNPs. In the presence of target DNA
strands, antibody—MNP complexes form aggregates, which lowers the
net anisotropy as well as increases of the resonance field. For rolling
circle amplification (RCA)-based FMR assays, a LOD of 1 pM and a
linear detection range of 7.8—250 pM are obtained for detecting
synthetic Vibrio cholerae target DNA from buffer solutions. For loop-
mediated-isothermal-amplification-based FMR assays, a LOD of 100
aM is obtained for the detection of a synthetic Zika virus target
oligonucleotide from 20% serum samples.

Barrios-Gumiel et al. reported carbosilane-dendron-decorated
MNPs with peripheral carboxyl and carboxylate groups for the
capture and concentration of RS-HIV-1yapg and X4-HIV-1y,;
strains.'*’ The carboxyl and carboxylate MNPs assist in achieving
rapid and easy diagnostics and reduce/eliminate the risk of HIV-1
transmission.

Zhang et al. synthesized a virus magnetic—molecularly imprinted
polymer (MIP) complex under an applied magnetic field.">® The
existence of Fe;O, MNPs can accelerate the preparation process of
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the complex. Because the viruses were captured specifically to the
surface of the magnetic—MIP, the size and shape of the particles
changed, leading to a change in the magnetic resonance light
scattering (RLS) signal. The linear concentration range for hepatitis A
virus was 0.02—1.4 nM, with a LOD of 6.2 pM. A similar setup was
also employed to detect the Japanese encephalitis virus (JEV) with a
LOD of 1.3 pM in human serum."’

Furthermore, MNPs have been frequently coupled with several
other nonmagnetic materials such as Au, silica, fluorescent pores, and
quantum dots (QDs) in different bioassay platforms.

Sun et al. reported a magnetic immunoassay method based on
surface-enhanced Raman scattering (SERS) spectroscopy to detect
influenza virus H3N2 (A/Shanghai/4084T/2012) through a
sandwich-structure complex consisting of SERS tags, the target
influenza virus, and Fe;O,/Au MNPs as supporting and capturing
substrates."*> Using a portable Raman spectrometer, a LOD of 10
TCIDs/mL and linear detection range of 10*-5 x 10° TCIDy/mL
are achieved.

Wang et al. employed two kinds of labels for the virus antibody and
antigen separately.'® ® The virus antigens were functionalized with
fluorescent-encoded MNPs, while the antibodies were conjugated to
green-emitting CdTe QDs. Through the application of different kinds
of fluorescent nanocomposites to the antigens, multiplexed detection
of equine influenza virus (EIV) and equine infectious anemia virus
(EIAV) was achieved with sensitivities of 1.3 and 1.2 ng/mL for EIV
and EIAV antigens, respectively.

Ali et al. employed MNPs in a RT-PCR platform for multiplexed
detection of HBV, hepatitis C virus (HCV), and human
immunodeficiency virus (HIV)."** Silica-coated MNPs were used
during nucleic acid extraction. After the RT-PCR process, the viruses
were then captured by MNPs coated with amino-modified probes and
carboxyl. Multiplexed detection was realized with the ability to detect
less than 100 copies of viruses per microliter of serum.

Zong et al. conjugated three different fluorescent proteins (FPs) to
a MNP. Upon interaction with target bacteria, characteristic levels of
these FPs are displaced depending on the binding strength among
quaternized MNPs, FPs, and bacteria.'>> The excitation/emission
wavelengths of these FPs are 380/450, 480/510, and 555/585 nm for
blue, green, and red fluorescent proteins, respectively. The
fluorescence response patterns are analyzed by principle component
analysis and linear discriminant analysis. This technology can rapidly
detect and distinguish different types of bacteria with an 89.7% first
discriminant within 30 min.

Kim et al. reported the detection of cathepsin L (associated with
some cancer cells) by controlling the aggregations of polymer dots
(CPdots) and MNPs.'*® In the presence of cathepsin L, the
fluorescence and MRI relaxivity are changed because of the
aggregations of CPdots and MNPs. This detection method can also
be applied in virus and pathogen detection.

Man et al. reported fluorometric immunoassay by introducing
H,0,-mediated fluorescence quenching of mercaptopropionic acid-
capped CdTe QDs (MPA-CdTe QDs) into MNP-based immuno-
assay for the detection of alternariol monomethyl ether (AME).">”
AME is a mycotoxin produced by the Alternaria species. Herein, free
AME from the sample competes with catalase (CAT)-labeled AME to
bind to monoclonal antibodies (mAbs) on MNPs. Quenching of the
fluorescence of MPA-CdTe QDs can be used to quantify AME from
the sample. However, because of the large scale of detection
instruments and the complexity of sample preparation, all of the
reported AME detection methods are only used in laboratory setups.

Zheng et al. developed a fluorescent biosensor for the detection of
human T-lymphotropic virus type II (HTLV-II) DNA based on
MNPs and atom transfer radical polymerization (ATRP) signal
amplification."*® The good performance of this biosensor is mainly
due to the ATRP signal amplification, magnetic separation of MNPs,
and high specificity of the DNA strands. In this study, they utilized the
fluorescent substance 9-anthracenylmethyl methacrylate polymer
(pAMMA) as the signal reporting unit and hairpin DNA as the
capture probe for the detection of HTLV-II DNA. To be specific,
MNPs are modified with hairpin DNA probes (pDNA), in the
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presence of target DNA (tDNA), pDNA hybridizes with tDNA, and
therefore the hairpin structure opens and the azide group is pushed
away from the MNP. Then initiators are introduced into pDNA by a
Cu(I)-catalyzed alkyne—azide cycloaddition reaction in order to
initiate the ATRP reaction. Afterward, pAMMA is anchored on the
MNPs to generate long polymeric chains, thus amplifying the
fluorescence signal and improving the detection sensitivity.

MR sensors discussed in section 2 have been the most popular
magnetic bioassay technique. However, these nanodevices suffer from
high background noise, which hinders the sensitivity of these
biosensors at room temperature. Tian et al. reported the volumetric
detection of DNA using FMR shifts.'** Aggregation of MNPs was
caused by binding of the V. cholerae target DNA sequence, which gave
rise to significant FMR shifts compared to nonaggregated MNDPs.
However, this technique involves the insertion of MNP samples inside
an electromagnetic cavity, which is not nanoscale-frequency detection.
The first feasibility of nanoscale-frequency-based biodetection was
made by a group from University of Western Australia. However, their
work, including both simulation and experimental demonstrations,
was restricted to the detection of MNPs using magnonic crystals and
nanodots.** """ The physics behind the operation of such devices is
that, at nanoscale, the FMR frequency of the device interacts directly
with the dipolar fields from MNPs, which, as a result, triggers a shift in
the peak frequency. The main advantage of the frequency-based
approach over the MR-based technique is that the frequency of the
operation of these devices is high (on the order of terahertz), and
hence there is a significant reduction of the 1/f noise. On this basis,
Saha et al. for the first time demonstrated the feasibility of a
frequency-based biosensor through a simulation study.'®* This work
showed the feasibility of using a spin-current nanooscillator device as
a frequency-based biosensor. It pointed out how the frequency-based
biosensor is position-sensitive, in addition to demonstrating room
temperature single molecular sensitivity. Furthermore, Bai et al., very
recently, demonstrated the terahertz sensing of HeLa cells
Pseudomonas, which is based on monohthlc integrated metamaterials
as spintronic terahertz emitters.'*> A spintronic emitter made of W/
CoFeB/Pt offers the possibility of an extremely low-cost, near-field
terahertz, label-free biosensor option with high sensitivity and high
spatial resolution. The fact that this terahertz biosensor is label-free
significantly reduces the cost for purchasing the biomarkers, magnetic
labels, or MNPs.

6. DISCUSSIONS

6.1. LOD. This review paper focuses on magnetic
nanosensors for pathogen and virus detection, and different
detection tools are reported and categorized in Table 1. It
should be noted that, in the context of LOD, it is much easier
to detect viruses/bacteria than small molecules (i.e., antigens,
antibodies). Small molecules such as antigens host fewer
binding sites for magnetic labels (i.e, MNPs), while a single
virus/bacterium might host hundreds or thousands of binding
sites depending on what is targeted. Thus, the sensitivity will
be amplified dramatically when small-molecule detection
methods are used on viruses/bacteria.

6.2. Detection Platforms Categorized by Target
Biomarkers. Detection platforms can also be categorized by
the target biomarkers such as nucleic acid and protein testing
(protein antigens and antibodies). Other nonmagnetic
diagnostic tools such as computed tomography scans and
nucleic acid analysis are prevalently used for diagnosing and
screening COVID-19. 1647198 11y the end, however, a very basic
question still lingers in our mind: Where are these nansensors
when the world is fighting a global health pandemic? Why are
they not being put to commercialization? This can be
answered from several points of view. From a technical view,
an ideal biosensor should meet most or all of the following
requirements: high sensitivity, high selectivity, fast, multi-
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plexing capabilities, multiple sensing modes, disposability, long
shelf-life, and user friendliness. Pros and cons for the magnetic
biosensors given in Table 2 clearly indicate that all
technologies lack something or other from the technical
point of view. Furthermore, advancements in the bioassay
platform require investments from industry for the particular
technology to be mass-manufacturable, autonomous, and cost-
effective. So far, magnetic biosensors have not been
commercialized to a very large extent. That is why portable
magnetic nanosensors have not been a big shot in the midst of
this global pandemic.

6.3. Biological Sample Preparation Method for
Different Target Biomarkers. Herein, we briefly introduce
the biological sample preparation methods for detecting
different biomarkers. The preparation methods for detecting
nucleic acid, antigens, and antibodies of SARS-CoV-2 are
described as follows:

Extraction of Nucleic Acid and Antigens of SARS-CoV-2
from Nasal- and Nasopharyngeal-Swab Samples. In
general, nasal- and nasopharyngeal-swab samples are placed
in universal or viral transport media after collection. Before
testing, samples are subjected to mixing by vortexing. For
nucleic acid detection, a specific volume of the specimen eluted
from the swab is used to extract RNA by commercial RNA
extraction reagents. For antigen detection, the specimen eluted
from the swab is directly used without further extraction.

Extraction of Antibodies of SARS-CoV-2 from Blood
Samples. For antibody detection, whole blood, serum, or
plasma are used. In general, whole blood is processed into
serum or plasma for storage if not analyzed on the same day.
Serum is generated by leaving whole blood at room
temperature after collection for about 30 min to clot. Blood
is then centrifuged to separate clear serum from the clot. For
plasma, whole blood is collected in a sterile tube containing an
anticoagulant. Plasma is then separated from the remaining
blood cells by centrifugation.

6.4. Magnetic Nanosensor-Based POC Devices on the
Market. To the best of our knowledge, as of July 2020, there
are three companies applying GMR platforms for real-life
disease diagnosis including Zepto Life Technology, LLC. (St.
Paul, MN), Dongguan Bosh Biotechnologies, Ltd. (Guang-
dong Province, China), and Flux BioscFlux Biosciences, Inc.
(San Francisco, CA). Recently, T2 Biosystems, Inc. (Lex-
ington, MA), a company developing NMR-based disease
diagnosis platforms, has released the T2SARS-CoV-2 Panel in
response to the COVID-19 pandemic. The Panel now is
commercially available and has been validated in accordance
with Emergency Use Authorization requirements from the
Food and Drug Administration (FDA). It is currently being
distributed in accordance with FDA guidance.

7. CONCLUSIONS AND PERSPECTIVES

In summary, in the midst of the COVID-19 pandemic, the
demand for highly sensitivity, lower-cost, rapid, easy-to-use,
and reliable disease testing tools is increasing. Current
diagnostic tests for SARS-CoV-2, the virus responsible for
COVID-19, are based on real-time RT-PCR assay. Although it
is sensitive, PCR requires trained technicians to perform the
tests and has long turnaround times. While PCR strategies are
limited to the detection of nucleic acids, magnetic nanosensors
are more versatile and can be applied for antigen, antibody, and
nucleic acid detection. Magnetic nanosensor platforms are
often overlooked compared to the traditional optical, electro-
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chemical, and mechanical sensors. Furthermore, POC devices
based on magnetic nanosensors are delayed when it comes to
commercialization despite their promising high sensitivity and
simple operation. A common disadvantage of most magnetic
nanosensor platforms is the fact that they rely on the use of
magnetic labels for detection and/or separation. Although
magnetic labels are advantageous over the optical and
electrochemical techniques that use fluorescent dyes, unstable
enzymes, and radioisotopes in terms of biocompatibility and
stability in different biological environments, the requirement
for a label in the detection process could hinder many in vivo
applications as well as introduce additional complexity.'*”'”
For bioassay applications, the sizes of the magnetic labels are
required to be comparable to the analyte molecules. With
nanoscale size, these magnetic labels suffer from small
magnetic moment, nonuniform size distribution, which may
cause signal variations especially for the detection of ultralow
amounts of target analytes, severe surface defects caused by the
large surface-to-volume ratio, and undesirable thermal heating.
Optimization of the magnetic labels, improvement of the
magnetic sensitivity, and the development of label-free
magnetic biosensors are needed in the future to make
magnetic POC platforms more competitive in the market. In
general, magnetic nanosensor platforms benefit from easier
sample preparation compared to optical techniques, use safer
magnetic labels compared to electrochemical techniques, and
are capable of homogeneous detection compared to mechan-
ical techniques. In view of these advantages, we can expect
them to supplant or supplement the current diagnosis
techniques that rely on nonmagnetic strategies. Furthermore,
researchers in the field of magnetic nanosensors are makin,
significant progress toward expanded POC devices.'*”"”!

As of July 2020, there is no effective vaccine to prevent the
spread of COVID-19. As researchers worldwide search for
effective cures for COVID-19, actions are also being taken to
search for better and faster diagnosis tools for the timely
diagnosis, management, and control of COVID-19. We
reviewed the magnetic nanosensor literatures prior to
COVID-19 and highlighted some promising tools for the
detection of pathogens as well as viruses with high specificity
and sensitivity. All of the detection platforms reviewed in this
paper can be extended to the detection of other micro-
organisms and/or viruses with a change in the reagents on
MNPs. It is expected that magnetic nanosensors will reform
today’s expensive and labor-intensive diagnostics and make
cost-effective, user-friendly detection protocols possible, with
superior/comparable sensitivity. This paradigm shift could
contribute to better surveillance and control of SARS-CoV-2
infection in populations.
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