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Abstract

Liquid biopsy has become an emerging technology in the detection of cancer related biomarkers as well as the
continuous monitoring of cancer treatment. There has been extensive research on the applications of magnetic
nanotechnologies in liquid biopsies from the separation of target analytes to the detection of cancer biomarkers.
Magnetic separation plays an important role in increasing both the efficiency and sensitivity of the liquid biopsy
process. The detection of cancer biomarkers through magnetic nanosensors also possesses many advantages
such as low background noise, high sensitivity, short assay time, and the ability to detect multiple biomarkers at
the same time. This review focuses on the recent advances of magnetic nanotechnologies in liquid biopsies for
cancer detection and its future potential in comparison with other technologies.
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INTRODUCTION

Liquid biopsy is a new diagnostic concept that has received much attention in the past few years. It was
originally defined as “the test on the blood sample of the patient to study the circulating tumor cells or
cell free DNA derived from the tumor cells in the blood” by the National Cancer Institute". Compared to
the conventional invasive biopsy that contains cells or tissues from lesion, liquid biopsy is a noninvasive
technique whose target analytes include circulating tumor cells (CTCs), circulating tumor DNA (ctDNA)
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and RNA (ctRNA), and exosomes" ™. To date, liquid biopsy has been performed in various biological fluids
including peripheral blood, urine, ascites, pleural effusion, etc. for early diagnosis, screening, prognosis
assessment, detection of minimal residual disease, and the design of personalized treatment for cancer
therapy™. The target biomarkers are firstly separated and enriched via a variety of separation technologies,
followed by the determination of the biomarker concentration using different biosensor platforms.
Many novel nanotechnologies have been developed in the liquid biopsy field. Loeian et al'” fabricated a
nanotube-CTC chip with the ability to selectively capture CTCs in the blood sample. It was shown that
this nanotube-based device can successfully capture CTCs from the peripheral blood of breast cancer
patients with a range of 0.5-28 CTCs per mL". Yu et al.” developed a fluorescent probe that can release
the outmost antibodies after binding with CTCs, making it possible to release and recycle CTCs in future
liquid biopsy processesm. Besides the separation and detection of CTCs, a polymerase chain reaction (PCR)
approach was proposed for the detection of ctDNA by using a quencher-free fluorescent probe DNA and
graphene oxides. This method can detect as low as 49 pg of epidermal growth factor receptor (EGFR) exon
19 detection DNA with a detection limit of 0.1%"". A comprehensive review on the current liquid biopsy
technologies is contributed by Tang et al.”.

Of all the proposed technologies for liquid biopsy, magnetic nanotechnologies stand out for the ease in
cell manipulation under magnetic field during biomarker separation"*"”
and high theoretical sensitivity during biomarker detection due to the fact that most of the biological
environment is non-magnetic. However, as with other types of biosensors, the sensitivity of the magnetic
biosensors also depends on the system setup, the surface biofunctionalization processes, and the intrinsic
sensitivity of the sensing segment. In this review, magnetic separation technologies using high-moment
magnetic nanoparticles (MNPs) as tags are introduced. Microfluidic channels are reviewed in the following
section regarding their crucial role in both magnetic separation and magnetic sensing. Finally, two types of
magnetic nanotechnologies for liquid biopsy are introduced: magnetoresistance (MR) sensors as a surface-
based liquid biopsy technology and nuclear magnetic resonance (NMR) as a volume-based liquid biopsy
technology.

, as well as low background noise

MAGNETIC SEPARATION

The majority of cell-based liquid biopsy research has been focused on the detection of CTCs since it is
the major cause of death and can be detected by non-invasive techniques from patients’ blood samples'™
However, due to the low abundance of CTCs, cell sorting or cell separation is required prior to the
detection process. To date, various devices have been developed to separate the CTCs from other undesired
background substances. Cell size-based separation is a label-free technique that sorts the target cells out
according to their unique properties such as size and stiffness”" ", Alternatively, specific binding-based
separation captures the target cells on patterned surfaces through chemical/immunoassays. While cell size-
based devices exhibit high throughput and label-free characteristics, the specificity of the capture is often
sacrificed due to the variation of the size and stiffness of the CTCs. On the other hand, techniques based
on binding cells to certain surfaces show higher specificity, but suffer from low throughput and difficulties
in cell recyclingm’m’ls]. Magnetic separation falls into the category of specific binding-based technologies.
However, instead of binding the target cells to surfaces, MNPs are employed to mark the target cells, which
are captured onto magnetized surfaces subsequently. Unlike the aforementioned techniques, the captured
cells can be released easily by removing the magnetic field. In this section, high-moment MNPs are
introduced first as an important approach to increase the capture efficiency. Optimization of the capture
process from both surface functionalization and device configuration aspects is also summarized.

High-moment magnetic nanoparticles

MNPs have been widely used as biomarkers for biosensing and could also be used to mark the CTCs
for liquid biopsy. By labeling CTCs using MNPs, these CTCs can be separated by applying an external
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magnetic field. The migration velocity of a MNP under the application of a homogeneous magnetic field,
i.e. the magnetophoresis process, largely depends on the magnetic moments of the MNPs. Bruus et al.""”
theoretically calculated the magnetophoretic force acting on a spherical particle in non-homogeneous field.

It is given by equation:
Fyap= Zﬂﬂgfcmagv[Hm(”o)z] (1)

where VH,, is the gradient of the external magnetic field, the diameter of the particle is represented by
a, and £, is the Clausius-Mossotti factor of magnetization (CM). {,, is represented as: (u - p,)/(u + 2u,).
Here, u and p, are the magnetic permeabilities of the spherical particle and vacuum, respectively.

Iron oxide MNPs, such as y-Fe,O, and Fe,O,, are widely used in the biosensing area due to their good
stability and biocompatibility. However, the saturation magnetization of iron oxide MNPs is around three
times smaller than that of high-moment MNPs such as Fe, FeCo, Fe, N, efc."””*". These high-moment
MNPs can provide much higher magnetic forces and, as a result, enhance the capture efficiency and reduce
the dose of MNPs needed for liquid biopsy. Many research groups have reported the synthesis of high-
moment MNPs. Generally, two approaches are used to synthesis high-moment MNPs: the bottom-up
approach and the top-down approach. For the bottom-up approach, MNPs are formed from atoms that
nucleate and grow into nanoparticles. For example, a gas-phase condensation (GPC) method is used to
obtain these atoms either by thermal evaporation or sputtering. By cooling down these atoms, nucleation
starts and then the nuclei grow into nanoparticles of various shapes. High-moment MNPs such as Fe,
and FeCo have been successfully synthesized using this GPC method”"*”. In addition, high-moment
MNPs with biocompatible shells such as SiO,, Ag, and Au can also be synthesized by the GPC method.
FeCo MNPs are also reported by using a wet chemistry method””, which also belongs to the bottom-up
approach. In contrast, for the top-down approach, MNPs are made from raw bulk materials that are broken
down to small nanoparticles, such as the ball milling method. Chakka et al.**! successfully prepared Fe,
Co, and FeCo MNPs by using a surfactant-assisted ball milling method, and the size of these MNPs can be
smaller than 10 nm. These high-moment MNPs are promising candidates for liquid biopsy.

Magnetic separation in liquid biopsy

Besides the search for novel materials and synthesis techniques to develop high-moment MNPs, surface
functionalization strategies also play an important role in the cell-particle interactions, which can greatly
impact the capture efficiency and specificity. The most commonly used technique to conjugate MNPs to
the target cells is by functionalizing antibodies on MNP surfaces that can bind specifically to the antigens
on the target cells™**. However, extra surface coating is required to further enhance both the efficiency
and the specificity of the cell capture process. A good example would be the biomimetic cell-membrane-
camouflaged nanoparticles. Rao et al.”” coated platelet (PLT)-leukocyte (WBC) hybrid membranes
followed by the modification of antibodies [Figure 1]. They showed that the PLT membranes can recognize
and communicate with CTCs, thus enhancing the binding efficiency. On the other hand, the WBC coatings
can reduce the interactions between the MNPs and the white blood cells in the background. Combining
the characteristics of both coatings, the hybrid membrane-coated immunomagnetic beads exhibited an
improvement of capture efficiency from 66.68% (commercial product) to 91.77% with an increase in cell
purity, too.

In addition to the optimization of MNPs, much attention has been paid to developing novel cell separation
devices. In magnetic separation, the device performance largely depends on the strength and spatial
distribution of the magnetic field. Traditional magnetic separation utilizes permanent magnets that are
in the size range of several millimeters to centimeters, which suffers from small magnetic field gradient,
low density of magnetic traps, and poor control over the magnetic field profile. To increase the capture



Page 4 of 21 Su et al. J Cancer Metastasis Treat 2020;6:19 | http://dx.doi.org/10.20517/2394-4722.2020.48

PALEIN
A Dissociation & % Preparation of Biomimetic Immuno-
i [—* - 4 T Magnetic Beads
Prrgan®
WBC atidls, Coa“ng a2ilrs Antibody --.:t:f-,
Separation WBCs membranes | Fusion . - nanoparticle -‘ "':',; modification \\" d—
— — = e &= 3 4
-','-' .... o\ N =" ‘_";i'.%
PLT-WBC
- Dissociation % _ | hybrid membranes HM-MBs HM}}MBS
Blood — i &
L [ / PLTproteins @ M8s ]
PLT p ; .
PLTs P A WBC proteins £ Anti-EpCAM

/ Enhanced CTC bmdlng \ ( Specific isolation of CTCs with a magnet\

i HM-IMBs
CTCs E df WBCs

C C ) c - & WBCs remove
CTCs / \ “®. " WBCs / \Pretreatment Magnetic separatlon

Figure 1. Schematic of the preparation process for the hybrid membrane-coated immunomagnetic particles (A) and the function of PLT
and WBC membranes (B)™" (reprinted with permission from John Wiley and Sons). PLT: platelet; WBC: leukocyte

efficiency, especially for rare cell separation, magnetic structures with micro- or nanometer sizes are
proposed. Chen et al.”**' fabricated micromagnet arrays with the inkjet printing technology. In this work, the
MNPs were firstly mixed with the printing ink and then printed with predefined pattern on the glass slide.
After the evaporation of the liquid printing ink by heating, the MNPs self-assembled into a micromagnet
structure. A permanent magnet was placed under the printed micromagnets to generate the magnetic field
for long-range capture and magnetize the micromagnets for short-range trapping of the CTCs. It was found
that the printed micromagnets led to a 26% increase in the capture efficiency. Besides the inkjet-printed
magnets, a microfabricated magnetic sifter was proposed by Earhart et al.*”’. A silicon wafer was patterned
with hexagonal arrays of 40-um holes with permalloy coatings. The blood sample was firstly labeled with
magnetic tags and then pumped through the hexagonal holes under an external magnetic field. Due to the
high magnetic gradient at the edge of the holes, the magnetically labeled target cells were captured while
the unlabeled cells passed through the holes. A capture efficiency of 90% was reported for high epithelial
cell adhesion molecule (EpCAM) expressing cells.

MICROFLUIDIC CHANNELS

The integration with microfluidic channels has become a “common sense” during the process of designing
novel liquid biopsy platforms to facilitate highly efficient cell separation, to reduce the biomaterial
consumption, to minimize the detection time, and to increase the density of functional devices. In this
section, the fabrication process of microfluidic channels is reviewed, followed by their application in
magnetic separation. Microfluidic channels can also be integrated with magnetic sensors during liquid
biopsy. However, since microfluidic channels are usually not the core of discussion in most magnetic
sensing applications, they are reviewed together with magnetic sensors in Section 4.



Su et al. J Cancer Metastasis Treat 2020;6:19 | http://dx.doi.org/10.20517/2394-4722.2020.48 Page 5 of 21

Fabrication of microfluidic channels

Poly(dimethylsiloxane) (PDMS) is the most commonly employed material in the fabrication of the
microfluidic channels since it is low-cost, chemically inert under most circumstances, nontoxic, and
compatible with lithography processes””. Conventional 2D microfluidic channels can be made by a soft
lithography process. A master mold is firstly fabricated by photolithography, followed by the curing of
PDMS on it. Due to the low surface free energy and elasticity, the cured PDMS can replicate the shape
of the master mold and be released without causing any damage. Both reversible and irreversible sealing
can be realized between PDMS and the channel substrate”™. Reversible sealing can be achieved either
by applying a pressure greater than 5 psi or through adhesive tapes, while irreversible sealing can be
formed by plasma treatment of the contact surface”™. Despite the straight-forward fabrication processes,
many challenges exist for the PDMS microfluidic channels based on soft lithography, such as flow profile
problems due to leakage and uneven pressure, low fabrication efficiency, and poor flexibility due to the
need of fabricating the master molds.

There has been much progress in developing both novel materials and fabrication technologies for the
microfluidic channels”**". The ability to manufacture 3D structures and the additive nature of the process
have made 3D printing a promising candidate in the fabrication of microfluidic channels. A polyjet-based
3D printed fluidic device was developed by Gross et al.”*'. The device design was completed with the aid
of computer-aided software and then converted to a STL file prior to printing. A rigid and transparent
channel was developed with precise control of the channel dimension (1 mm x 0.8 mm x 2 mm). Besides
3D printing, other techniques have also been explored to fabricate 3D microfluidic channels. Song et al."*”
proposed a metal wire removal process, where a thin soldering wire with a 3D circular shape was
employed. After pouring PDMS onto the metal wire and curing it, the metal wire was melted out via
heating. With this simple process, circular, helix-shaped, and double helix-shaped microfluidic channels
can be easily prepared. In another work, a direct laser writing approach was used to prepare microfluidic
channels embedded in fused silica with an aspect ratio over 1000"". Direct laser writing usually results in
high surface roughness. In this work, wet etching and glass drawing process were conducted after the laser
writing, which significantly reduced the surface roughness from 50.3 nm to 0.29 nm.

Microfluidic channels in magnetic separation

The design of microfluidic channels play an important role in optimizing the efficiency of magnetic
separation. Inglis et al."” fabricated a device with ferromagnetic Ni strips underneath the separation
chamber at angle of 10° to the bottom of the continuous flow [Figure 2A]. When an external magnetic
field is applied, the flux lines are concentrated on the Ni strips. Magnetically labeled cells [in this case, the
white blood cells (WBCs)] deviate away from the flow direction and move along the direction of the strips.
In this way, they achieved separation of WBCs from red blood cells (RBCs). In another technique, Hans
and Frazier applied a uniform magnetic field normal to the ferromagnetic Ni wires which was fabricated
along the length of the microfluidic channel. They magnetically deformed the ferromagnetic wire using
high magnetic field gradient, which generates the magnetic field gradient. By playing around with the
direction of the magnetic field, they got the fabricated device to work in “diamagnetic capture mode” and
“paramagnetic capture mode” that very efliciently separated the diamagnetic WBCs, cells and tissues, and
the paramagnetic deoxy-hemoglobin RBCs.

Afshar et al.®” designed a system to meet the requirements of specific bioassays to study the on-chip
agglutination assays for the detection of rare analytes by particle coupling as doublets. They integrated
the PDMS microfluidic channels with soft magnetic microtips of varied shapes and sizes to provide
the magnetic field gradient for the particles. The magnetic tips serve as the field concentrators and are
positioned in the near vicinity of the microfluidic channel to generate even higher magnetic actuation
forces. This device was experimentally tested to achieve three goals with two sets of superparamagnetic
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Figure 2. Schematic design of a Ni wire that can be operated in diamagnetic and paramagnetic mode for the separation of diamagnetic
WABCs, cells, and tissues from paramagnetic deoxy-hemoglobin RBCs (A)®" (reprinted with permission from AIP Publishing); Schematic
overview of the droplet based magnetic bead separation from a microfluidic channel (B)"“% (reprinted with permission from Royal
Society of Chemistry). WBC: leukocyte; RBC: red blood cell

particles of sizes 1 pm and 2.8 pm: (1) dosing and immobilization of desired number of magnetic beads; (2)
targeted release of the beads in a highly confined particle stream; and (3) continuous magnetophoretic size
separation in-flow with high resolution.

Brouzes et al.*” reported a droplet-based microfluidic method to separate desired molecules in a rapid
and, most importantly, continuous fashion. They accomplished this by at first marginalizing functionalized
superparamagnetic beads within the droplet using magnetic field and then splitting the same droplet
with one containing the majority of magnetic beads and the other containing the minority part. They
quantitatively and qualitatively analyzed the factors which affect the marginalization and the splitting of the
droplet. Furthermore, they studied how the marginalization affects the droplet velocity. Figure 2B shows the
MNP distribution and orientation as a function of position with respect to the magnet. Most of the MNPs
aggregate towards the center of the magnet. However, the aggregation is not exactly at the center of the
magnet because of the internal magnetic field flow lines. Finally, they correctly assessed that this droplet-
based technique is well-suited for applications in single cell genomics and proteomics. As a foresight, they
claimed that this method could also be used to separate mRNA bound to poly-dT functionalized MNPs
from single cell lysates to prepare cDNA cell microarrays.

Weddemann et al."" reported theoretical calculations supported by experiments for the separation of
several particles based on size using the combined hydrodynamic and magnetophoretic forces. Jung et al."”
designed another such device with slanted ridge arrays in a microfluidic channel. This kind of configuration
was reported to have a larger magnetophoretic force of 7.68 uN in comparison to 0.35 pN from the
traditional devices. With this design of microfluidic channels, 91.68% + 2.18% of the E. coli bacterial cells
labeled with MNPs were separated from undiluted whole blood sample at a rate of 0.6 mL/h. This is a
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significant improvement when compared to conventional devices where only 23.98% + 6.59% of E. coli
could be separated.

Of the other works on using microfluidics for magnetic separation, Hou et al."” reported the detection of
Salmonella from spiked milk using microfluidic signal off strategy to monitor changes in electrical signal.
This strategy helped in amplification of biological signals and the limit of detection (LOD) of the Salmonella
was reported to be 33 CFU/mL with as assay time of 2 h. Although it was not a rapid procedure, the
LOD seems promising. The schematic setup for their detection of Salmonella is shown in Figure 3A. The
mixture models for bio-magnetic separation using microfluidics were demonstrated by Khashan et al."".
Wu et al."™ reported size selective separation of magnetic microspheres using microfluidic channels. Their
experimental results were corroborated with numerical simulations. Oh et al."” modified the tip of a
micropipette with Ni wire meshes and demonstrated magnetic activated cell sorting (MACS) [Figure 3B].
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This facilitated high throughput and gradient magnetic separation by simple pipetting procedure, thereby
leading to high rate of separation of bacteria from whole blood in addition to successful bacterial culture
and analysis of the sorted bacteria without off-tip processing. Gao et al. " reported a novel wash-free
magnetic immunoassay technique for prostate specific antigen (PSA) that employs a surface enhanced
Raman scattering-based microdroplet sensor (SERS) for readout [Figure 3C]. A wash-free approach was
demonstrated to detect PSA antigens with a reported LOD of 0.1 ng/mL.

MR SENSORS

MR biosensors have been studied for the past 30 years as a sensitive surface-based detection approach.
During the detection process, the target analytes are captured by MNPs, which can subsequently bind
to the sensor surface through the corresponding antibodies or complementary DNAs functionalized on
the surface, resulting in a capture antibody-antigen-detection antibody-MNP complex or a probe DNA-
target DNA-MNP complex. The surface functionalization technologies for both antibody-antigen as well
as DNA-based magnetic assays are comprehensively™. Under an external magnetic field, the MNP tags
can generate stray fields, which will result in the resistance change of the MR sensors. Since the sensor
signal is proportional to the number of MNPs in proximity to its surface, higher analyte concentrations will
result in higher sensor signals. MR sensors possess multiple advantages as compared to other biosensing
techniques. Detection based on magnetic field results in low background noise as most biological samples
are paramagnetic, diamagnetic, or nonmagnetic. The sensor signals are also less affected by the chemical
environment of the sample, such as pH and temperature[“]. With the development of nanofabrication
technologies, MR sensors can also be integrated into high-density chips, which makes it possible to realize
multiplexed detection as well as the development of point-of-care (POC) detection with minimized device
size”*"!. In this section, magnetoresistance effect are firstly introduced from a fundamental viewpoint,
followed by the surface functionalization strategies and some examples of MR sensors’ application in liquid
biopsy. The integration of MR sensors with POC devices is also reviewed.

Magnetoresistance

Three different MR effects have been applied to the field of biosensors. Anisotropic magnetoresistance
(AMR) refers to the phenomenon where the electrical conductivity of a spontaneously magnetized
materials depends on the relative orientation of the electrical current and the magnetization. Since it was
first discovered in Ni and Fe in 1857, the physical origin of the AMR effect has been extensively studied
and was found to originate from the anisotropic scattering of electrons due to the spin-orbital coupling[szl,
which was firstly described in the two-current model*”. Although AMR is one of the earliest discoveries in
the family of MR effects, the AMR ratio in most material systems are relatively low, which limited the signal
from AMR devices until the discovery of the giant magnetoresistance (GMR)effect***”’. Nevertheless, AMR
sensors still possess many advantages such as high sensitivity to the angle between magnetic field and the
current direction (application in angular sensors), lower cost, and simple material system.

As opposed to the simple ferromagnetic films in AMR devices, GMR and tunneling magnetoresistance
(TMR) exist in multilayer stacks"**”. In a stack with alternating ferromagnetic layers and spacers, the
magnetization orientation in the ferromagnetic layers can be altered by an external magnetic field.
The electrical resistance of the structure increases when the magnetizations are parallel in adjacent
ferromagnetic layers and decreases when the magnetizations are antiparallel. GMR and TMR occur when
the spacer is a conductive metal layer and an insulating layer, respectively. TMR and GMR stacks possess
much higher MR ratio than AMR sensors, which makes them better candidates for the sensing applications
where the sensor signal and sensitivity are the top priorities”™*”. Compared to GMR sensors, TMR sensors
generally exhibit higher MR ratio, which results in higher sensor signals as well as sensitivity. However,
TMR sensors also suffer from poor linearity and larger noise. Furthermore, the complexity in TMR device
fabrication as well as the need of top electrodes also induces difficulties in the design of TMR biosensors.
Both GMR and TMR sensors’ application in liquid biopsies are reviewed in Section 4.2.
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MR sensors for liquid biopsy

Immunoassay-based liquid biopsy

The elevated or reduced concentration of protein biomarkers in blood, saliva, or tissue can serve as
indicators of cancer status®. Since single biomarker detection can lead to false positive or false negative
cases, multiplexed detection systems are required to achieve specific and sensitive cancer diagnosis, which
can be achieved in MR sensors. During multiplexed detection, densely packed MR sensors are fabricated
on a single chip with simultaneous signal readout. The sensors can be divided into different groups which
are functionalized with different capture antibodies that are specific to various biomarkers. Klein et al.”"
developed a multiplexed GMR sensing system that can detect three ovarian cancer biomarkers at the
same time. The detection limit for cancer antigen 125 (CA125 II), human epididymis protein 4 (HE4),
and interleukin 6 (IL6) are 3.7 U/mL, 7.4 pg/mL, and 7.4 pg/mL, respectively [Figure 4]. Another GMR
sensing system reported by Gao et al.'” shows the capability of detecting 12 tumor biomarkers at the same
time in only 15 min. It was shown that the analytical sensitivity was either comparable or better than the
commercially available single-analyte immunoassays. Besides the aforementioned work, various kinds of
biomarkers have been validated in the GMR sensor system such as urinary endoglin for prostate cancer'®,
eotaxin, and tumor necrosis factor alpha'®”. Recently, Zhu et al." proposed to replace the traditional MNPs
with 2D MoS,-Fe,O, nanostructures (MOFE). With the addition of layered MoS, materials, the loading
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density of MNPs are increased, resulting in higher sensor signal. With the integration of the MOFE probes,
the GMR system was capable of detecting as few as 100 exomes.

Besides GMR sensing platforms, magnetic tunneling junction (MTJ) sensors have also been demonstrated
as a proof-of-concept for the detection of liver cancer biomarkers'®’. The CoFeB/MgO/CoFeB MT]
exhibited a MR ratio of 122% and a sensitivity of 0.95%/Oe at room temperature. Three concentrations
of alpha-fetoprotein were successfully detected. However, there has not been any further research in
multiplexed cancer biomarker detection with MT] sensors to the authors” best knowledge. The lack of
experimental results for MTJ-based liquid biopsies can be attributed to the following reasons: (1) the
complex stack structures of MTJs can result in large variations of performance between different MT]
devices, making it hard to generate calibration curves for different biomarkers; (2) the top electrodes of
the MTTJs tend to increase the distance between the sensor and the magnetic tags, leading to a decrease in
sensor signal; and (3) it is hard to realize linear transfer curves in MT] sensors, which further complicates
the process of correlating sensor signal to the analyte concentrations.

DNA-based liquid biopsy

Besides antibody-antigen-based liquid biopsy, DNA is another important analyte for cancer detection.
The ability of DNA detection has been demonstrated for both MT] and GMR sensors. A proof-of-
concept detection of DNA was achieved in a MTJ sensor with a AL O, barrier'”. Later, a quantitative
detection of DNA was achieved by integrating 64 MgO MTJs on a single chip. However, there was not
much work on MTJ-based DNA detection related to cancer detection. On the contrary, GMR sensors have
been extensively studied as potential candidates for DNA-based liquid biopsies. Nesvet et al. “* reported
the integration of methylation specific PCR to melting curve analysis on GMR sensors to enhance the
sensitivity for methylation detection. By measuring the difference of melting point between the DNA
probes that targeted on methylated or unmethylated cytosineguanine dinucleotides (CpG) sites, the system
was able to detect the methylated DNA with an analytical LOD down to 0.1%. It was also shown by the same
group that this melting curve approach can simultaneously profile five mutation and four methylation sites
in human melanoma cell lines’. The detection of cell-free (cfDNA) was demonstrated by Dias et al.””.
The capture DNA probes were firstly spotted manually on the GMR chip, followed by the integration of
a microfluidic channel. The magnetically labeled target DNA fragments (ALU115 and ALU247) was then
introduced to the sensor surface through the microfluidic channel. A detection limit of picomolar range
was achieved upon optimization.

POC devices

Ever since the discovery of MR sensors as a potential biosensor, MR-based POC devices have had a very
exciting past showing a very promising future. Nevertheless, this topic has been subjected to extensive
reviews'**”"”? There have been two decades of research on improving the sensitivity of the GMR sensor,
which was inevitably followed by untiring attempts from several groups worldwide to develop GMR-based
POC devices that have proved extremely successful in rapid detection of multivariate pathogens. A research
group from Stanford University has developed a device, named Eigen Lifescience, along with a customized
App, all fit in the size of a smartphone. This smartphone-shaped device operating on the basis of GMR-
based biosensor has been reported to be capable of diagnosing several harmful pathogens such as Hepatitis
B virus and detecting DNA hypermethylation from melanoma cancer cells as well as prostate cancer
antigen””, protein signatures in mouse lymphoma"*, HIV and leukocytosis”®, RNA sequencing”, and
lung cancer””’. A research group from the University of Minnesota has developed another handheld device
for GMR-based biosensing that has been commercialized. The device, better known as Z-Lab [Figure 5],
has been reported to diagnose several diseases such as ovarian cancer' and H1N1 influenza virus™,
which has also been very recently reported to be detected wash-free by the same device™"'. Drew A. Hall’s
group from the University of California, San Diego has worked hard to improve the electronic circuitry
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on the sensor surface (D); real-time binding curve readout from Z-lab device (E)* (reprinted with permission from American Chemical
Society). GMR: giant magnetoresistance

of the GMR-CMOS interface in addition to noise removal circuit for such handheld device, thereby

immensely contributing to the sensitivity of the handheld device*".

NMR

Origin of NMR signal

Elements that contain an odd number of protons and/or neutrons, such as 'H, “N, 'O, *'P, etc., show
intrinsic nonzero nuclear spins that give rise to small magnetic moments which can be observed by the
NMR spectroscopy. Under a strong constant magnetic field B, the magnetic moments are in equilibrium
states, i.e., aligned either with or against the field denoted as M, in Figure 6A"*"*. A perturbation of the
nuclear spins from equilibrium will occur when a weak oscillating magnetic field [referred to as radio
frequency (rf) pulse] is applied whose frequency closely matches the nuclei’s intrinsic Larmor frequency.
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Figure 6. Equilibrium state. M, is aligned along the z-axis (A); when a rf pulse is applied, M, makes an angle with the z-axis and rotates
around the axis in the direction of the curved arrow. The magnetization can be split into two components, M, and M, . The rotating M,
component generates the detectable NMR signal (B); the maximum detectable signal amplitude after a single rf pulse occurs when M,
lies entirely in the plane of the x- and y-axes as this gives the largest M, component. This pulse has a 90° flip angle and is referred to
as a 90° rf pulse or saturation pulse (C); a 180° rf refocusing pulse is usually applied while there is transverse magnetization already
rotating in the xy-plane and is used to instantaneously flip the transverse component of magnetization through 180° about an axis also
rotating in the xy-plane (D); a 180° inversion pulse is usually applied at equilibrium and is used to rotate the net magnetization through
180° from the positive to the negative z-axis. This is also known as a magnetization preparation pulse (E)""

The Larmor frequency is proportional to the strength of the magnetic field and is also known as the
resonant frequency as protons only absorb energy at this characteristic frequency. The time-domain signal
responses by the total magnetization of nuclear spins are analyzed in NMR spectroscopy. As shown in
Figure 6B, the net magnetization M, is flipped by an angle of a, and it can be split into two components:
M, (longitudinal component) and M, (transverse component). Figure 6C shows a 90° rf pulse that
delivers energy to rotate the Mo through 90°. This 90° rf pulse produces the largest possible transverse
magnetization and NMR signal. The 180° rf pulses depicted in Figure 6D and E are used to prepare the net
magnetization M, before the application of an excitation pulse.

NMR metrices: T1, T2, and T2*

Immediately after the rf pulse, the net magnetization relaxes back to its original state, along the z-axis.
This relaxation process can be split into two distinct relaxation processes that relate to M, and M, . The
longitudinal relaxation, also known as T1 relaxation, is the recovery of z-component M_along the z-axis to
its original value at equilibrium. The transverse relaxation, also known as T2 relaxation, is the decay of xy-
component M, . Figure 7 shows the longitudinal relaxation process as well as the T1 time constants after a
90° rf pulse™. T1 is the time at which the M, component has recovered to 63% of its value at equilibrium.

For the transverse magnetization components, the phase angles spread out, there is a loss of coherence,
and the magnetic moments are no longer together, as shown in Figure 8. The NMR signal detected
from receiver coil is seen as an oscillating magnetic field that gradually decays. T2 is the time at which
the magnetization has decayed to 37% of its initial value, which is caused by the interactions between
neighboring proton spins. The local magnetic field non-uniformities cause the dephasing and result in
varied Larmor frequencies for protons at different locations. This local field inhomogeneity results in
the observed actual decay and T2* time constant. In the following sections, we review MNPs as contrast
agents in NMR-based applications, where the MNPs generate local dipolar fields that cause local field
inhomogeneity and, thus, tune the T2* time.
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Figure 8. Schematic view of transverse magnetization components after the application of a 90° rf pulse. The transverse component
M,, decays to 37% of its initial value. The observed T2* relaxation time as a result of local field non-uniformities™”

MNPs as contrast agents in NMR-based applications

In NMR-based applications, T1, T2, and T2* are used as metrics. Nowadays, NMR has been widely used
for determining the structures of organic compounds and biomolecules as well as in magnetic resonance
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imaging (MRI)™*”. Since the biological samples show negligible magnetic susceptibility, MNPs are
introduced as contrast agents for in vitro detection of biomolecules and cells based on NMR in recent
years["’”]. For most NMR-based applications, the primary NMR signals come from hydrogen nuclei
contained within water or lipid molecules, due to: (1) intrinsic nonzero nuclear spins; and (2) natural

abundance in the form of water and lipid molecules.

The foregoing sections describe MNP-based bioassays using technologies such as magnetoresistive and
Hall sensors that directly measure the magnetic fields from MNP-labeled biological compounds. However,
for MNP enhanced NMR bioassays, NMR spectroscopy exploits MNPs as proximity sensors that modulate
the spin-spin relaxation time of water molecules adjacent to the MNPs, where the MNPs generate local
dipolar fields that modulate the proton relaxation rates of billions of neighboring water molecules; thus, the
analytical signals are directly generated from the whole sample volume. These MNPs are contrast agents in
NMR to improve sensitivity in turbid samples with reduced sample preparation. In this section, we review
the NMR-based diagnostics using MNPs for a wide range of applications including DNA, RNA, proteins,
small molecules, tumor cells, efc.

NMR-based cancer diagnostics

MNPs along with NMR has been applied for many in vitro liquid biopsies including the detection of
Listeria monocytogenes, Salmonella, and Cronobacter sakazakii from food”*”*' as well as the microcystin-
LR (MC-LR) from water™. In this section, we review the applications in the area of cancer detection.

Lee’s group reported a DMR (diagnostic magnetic resonance) system based on NMR technology and
MNP contrast agents. Conceptually, the DMR system consists of a microNMR (uNMR) chip containing
microcoils, a microfluidic network for sample handling, on-board NMR electronics, and a small permanent
magnet, as shown in Figure 9B-D. The microfluidic network in Figure 9C can effectively mix MNPs and
biofluid sample (thus speeding up the specific binding to target analytes) by generating chaotic advection
through the meandering channels. The NMR circuits in Figure 9E are designed to perform T2 and T1
measurements. The detection of MNP-labeled tumor cells is achieved by exploiting the T2-shortening
effect of MNPs in NMR measurements, where the MNPs generate local dipolar fields with strong spatial
dependence to destroy the coherence in the T2 relaxation of neighboring water protons. These MNP-
labeled cells consequently show faster decay of NMR signal, or shorter T2 relaxation time than non-
targeted cells, as shown in Figure 9A.

Using this DMR system, Ghazani et al.”” reported the detection of circulating tumor cells (CTCs) directly
from whole blood sample without primary purification. The detection is achieved by the combined and
simultaneous sensing of four cancer biomarkers: EpCAM, HER-2, EGFR, and MUC-1. The monoclonal
antibodies against EpCAM, HER-2, EGFR, and MUC-1 are conjugated with (E)-cyclooct-4-enyl
2,5-dioxopyrrolidin-1-yl carbonate (TCO-NHS), while the MNPs are tetrazine (Tz) modified. Each whole
blood sample (7 mL) is lysed and cell pellets resuspended in PBS buffer. Then, TCO-modified antibodies
are added and incubated for 15 min. Samples are washed twice and tetrazine-modified MNPs are added
and incubated for 15 min. After another two cycles of washing steps, the mixture is suspended in 20 uL of
PBS for uNMR measurements. The total labeling and incubation procedure takes approximately 30 min,
as shown in Figure 10A. They reported the NMR measurements on 58 patients with confirmed epithelial
malignancies. As shown in Figure 10B, these blood samples from 58 patients were profiled for four cancer
biomarkers: EpCAM, MUC-1, HER-2, and EGFR. Although a notable fraction of the samples shows
negative results for each biomarker, the combined biomarker analysis is able to correctly identify 99.2% of
samples as malignant. As a comparison, Khosravi et al. Pe] reported a nanotube-antibody micro-array chip
for the detection of breast cancer cells from 0.85 mL spiked blood. A ~90% sensitivity and a 90% specificity
in capture of 1000 SKBR3 breast cancer cells in blood using anti-Her2-functionalized devices are achieved.
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Figure 10. Schematic of the uNMR system. TCO-labeled antibodies are added to whole blood. Red blood cells are then lysed and the
cells spun down before reaction with tetrazine-modified MNPs. The process of labeling antibodies and targeting nanoparticles requires
less than 30 min. Biomarker measurements are then taken using the uNMR device (A); Biomarker expression, as assessed by uNMR,
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with permission from Elsevier. uNMR: micro nuclear magnetic resonance; EpCAM: epithelial cell adhesion molecule; HER-2: human
epidermal growth factor receptor 2; MUC-1: mucin 1; EGFR: epidermal growth factor receptor
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Later, in the same group, Loeian et al."” reported applying the nanotube chip for capturing CTCs from
peripheral blood samples of breast cancer patients (stages 1-4). The CTCs (based on CKs/18, HER2, and
EGFR) were successfully captured from 7/7 breast cancer patient samples and no CTCs were captured from
healthy controls (n = 2). Salahandish et al.”™ reported an electrochemical biosensor for detecting as low as
2 cells/mL SK-BR3 breast cancer cells with a fast response time of 30 min. This electrochemical biosensor
demonstrated an efficiency of > 90% for capturing cancer cells in whole blood sample without sample
preparation and cell staining. Other platforms that detect CTCs from non-clinical samples have also been
reported but are not covered in this review. For example, Tian et al.”” reported an enzyme-free ELISA for
HER?2 detection from serum samples utilizing copper oxide nanoparticles as signal amplification probes.

Haun et al." clinically tested on suspected lesions in 50 patients and validated in an independent cohort
of another 20 patients using this DMR system. For each patient, a one- to two-pass fine-needle aspirate
from a suspected abdominal malignancy was obtained, followed by a series of routine core biopsies for
conventional standard-of-care analysis. Each fine-needle aspirate sample was washed with 1-2 mL of
buffered saline and processed for uNMR measurements of 11 markers. These markers included nine
well-established cancer-related markers (EpCAM (epithelial cell adhesion molecule), MUC-1 (mucin 1,
cell surface associated), HER2, EGFR (epidermal growth factor receptor), B7-H3, CK18, Ki-67, p53, and
vimentin), a count of CD45-positive cells, and total cell density. Their results show the uNMR-based
measurements are comparable with the accepted gold standards such as enzyme-linked immunosorbent
assay (ELISA), fluorescence-activated cell sorting (FACS), and immunohistochemistry (IHC). The
correlation coefficients between uNMR and ELISA, FACS, and IHC measurements for expression of EGFR
are 0.99, 0.98, and 0.93, respectively. It was shown that EGFR and HER2 had a good correlation (coeflicient
= 0.6), whereas EpCAM and HER2 had a poor correlation (coefficient = 0.1). The comparison of different
detection technologies for liquid biopsy is shown in Table 1.

CONCLUSION

Liquid biopsy is an emerging research field with great promise in serving as a noninvasive technology for
cancer diagnosis and cancer therapy. Magnetic nanotechnologies play an import role in both biomarker
separation and biomarker detection. MNPs can bound to the target biomarkers through immunoassays and
facilitate the separation of the biomarkers through the magnetophoresis effect. MNPs with high magnetic
moment have been synthesized together with biocompatible surface coatings that can accommodate
the bounding between MNPs and target biomarkers. Besides synthesizing novel MNPs, the research on
magnetic separation also focuses on the optimization of the magnetic field configuration as well as the
integration with other biomarker concentration technologies to achieve high biomarker capture efficiency,
high specificity, and ease of integration with biosensing platforms. To realize precise fluidic control,
minimum biological sample consumption, and better performance in biomarker separation and biosensing,
microfluidic channels have become a key part in the designing of liquid biopsy platforms. Apart from the
traditional mold casting techniques, novel approaches such as 3D printing and laser writing have been
proposed to fabricate microfluidic channels with more complexed structures and higher resolutions.

Biosensors based on magnetic nanotechnologies exhibit low background noise and are less influenced
by the biological and chemical environment during detection, since most of the biological samples are
paramagnetic. Magnetoresistance sensors including GMR and TMR sensors detect the signal from the
MNPs that are brought into proximity of the sensor surface via immunoassays or DNA-based assays.
Various biomarkers have been demonstrated for liquid biopsy applications. Point-of-care devices based on
MR sensors have been developed by several groups, which could pave the way for bedside liquid biopsies
with high sensitivity, high portability, and short detection time. In addition to MR sensors, NMR bioassay
platforms along with MNP contrast agents exploit the magnetic resonance technology for the detection
of cancer cells. Samples containing MNP-labeled cells show faster relaxation in NMR signals due to the
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Table 1. Comparison of different platforms for liquid biopsies

Technology Target analytes Substrate Sensitivity Assay time  Ref.
GMR CA125 1L, HE4, IL6 PBS 3.7U/mL, 7.4 pg/mL, 74 pg/mL 15 min [61]
GMR Endoglin Urine 83 fM 10 min [63]
GMR hcG Serum 1pM 3 min [64]
GMR exosome PBS 100 counts 30 min [65]
GMR Methylated DNA Denaturation buffer 0.1% 30 min [68]
GMR cfDNA(AUT15, AU247) NA pM range 80 min [70]
TMR AFP PBS 2 ng/mL NA [66]
TMR Commercial ssDNA PBS 5 nmol/L NA [67]
NMR Circulating tumor cells (CTCs) Whole blood ~3individual CTCs per sample 30 min [95]
(1-10 mL blood)
NMR Nine cancer-related markers: EpCAM, Whole blood See Table 2 60 min [100]

MUC-1 (cell surface associated), HER2,
EGFR, B7-H3, CK18, Ki-67, p53, and
vimentin

GMR: giant magnetoresistance; TMR: tunneling magnetoresistance; NMR: nuclear magnetic resonance; EpCAM: epithelial cell adhesion
molecule; MUC-1: mucin 1; EGFR: epidermal growth factor receptor

local magnetic field inhomogeneity caused by MNPs. This type of NMR signal detection is based on
magnetic interactions (interactions between neighboring proton spins) and, thus, requires minimal sample
purification steps, which, as a result, reduces cells loss and simplifies the assay procedures. In the past
few years, the NMR platform has been considerably advanced and developed into a sensitive and robust
detection tool for a wide range of biomarker/cell detections. Magnetic nanotechnology, with its application
in both biomarker separation and detection, has demonstrated great potential for the development of liquid
biopsy platforms to achieve sensitive, efficient, and portable cancer diagnosis and cancer therapy.
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